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SYNOPSIS 


EPPECT OP SPEGILIEN GEOlffilEY ON GSAGK-TIP PLASTIG PLOW 
AND PEAGTUBE OP STEELS AID A STUDY ON 
THE STABILITY OP VOID SHAPE- 

A thesis submitted 

In partial fulfilment of the Requirements 
Por the Degree of 
DOG TOE OP PHILOSOPHY 
by 

NIEBHAY SINGH 

Department of Metallurgical Engineering 
Indian Institute of Technologyj Kanpur 
December 1979 


The purpose of this investigation was primarily to 
study the crack-tip plasticity and fracture behaviour of 
materials in the post-yield regime of fracture mechanics in 
order to assess the limitations for a valid plane strain 
fracture toughness (K^q) test, to consider the loss in 
resistance for crack-tip. plastic flow and to compare the 
toughness obtained by different methods. 0.6f^ 0 steel and 
mild steel were chosen for this purpose . Specimens of 
varying crack lengths starting from 1 mm to a maximum of 
12*5 mm were produced by fatigue pre-cracking of specimens 
of varying thicknesses in the range of 3 mm to 25 mm in both 
the materials. The load versus cmck opening displacement 
(god) data of all these specimens were carefully recorded 
in three point bend tests. Direct observations on crack-tip 
and the growth of the plastic zone by photo elastic coating 
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technique were made at various loads during the fracture 
test. The values of apparent fracture toughness vrere calcu- 
lated hy various methods, wherever possible. 

In 0.6% 0 steel, all the investigated specimens 
showed fast fracture. The load versus clip gauge displace- 
ment (GG-D) plots were linear upto the point of fracture for 
long cracks and thicker specimens, with very little crack -tip 
plastic flow. On the othex" hand, some crack-tip plastic 
flow and inci-ease in compliance in load-CGD records were seen 
to occur in 3 nim thick specimens with short cracks. The 
of this material was found to be of the order of 150 Kg mm 
A significant observation is that the apparent toughness 
decreased below this level for very short crack lengths. 
Further, it is confirmed that the ASTM recommendations for 
the required crack size and thickness of specimens for a 
valid Kj^ test were found to be too conservative. 

In the case of mild steel specimens, there was no 
catastrophic failure in any of the samples tested and 
extensive non-linear behaviour in the load-0GI> plots was 
dominant in all cases. Large plastic zones and considerable 
crack-tip blunting were observed in the non-liti'^a^ region. 
There was an abrupt increase in the size of the plastic , 
zone at the crack- tip as soon as the load increased above 
the maximum linear load indicating the loss in the plastic 
constraint at the crack- tip. The nominal stress corresponding 
to the maximum linear load was even higher than the yield 
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strength of uncracked beams indicating the notch strengthening 
effect. Due to thiSj the load carrying capacity of thd beam 
increased by about 50^ of the yield load when' calculated on 
the basis of ifche net ligament section. Thei stress intensity 
factor at which crack-tip yielding suddenly became appreciable 
was observed to be around 103 Kg mm”^'^^ for all thicknesses 
and this is seen to occur near about 5% secant shift load. 

The nature of variation of this stress intensity factor, which 
is a measure of the resistance to crack-tip plastic flow, is 
analogous to the variation of apparent crack toughness against 
crack size and specimen tliicknass for 0.6% G steel. Beyond 
5% secant shift load the toughness was calculated based on 
Irwin-McClintock' s corrected crack length, crack opening 
displacement and energy methods. 

A study has also been made on the stability of a 
single isolated hole inside a medium due to the importance 
of void growth and coalescence in ductile fracture of metals. 
The shape dependent instability of a single spheroidal hole 
has been studied theoretically under uniaxial tension and 
shear. If an initially spherical hole grows in the shape of 
a prolate spheroid inside an incompressible medium, there 
will be a shearing instability around 1.39 prolateness 
ratio, and a similar instability at some prolateness takes 
place in uniaxial tension as well. This analytical study 
agrees favourably with the experimental results of others. 
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In the present work, a lead-tin alloy hawing initially an 
isolated spherical hole has been loaded in tension* and the 
shape' change of this hole has been observed at different 
nominal strains. An a,brapt growth of the woid was noticed 
beyond a certain nominal strain, which further confirms the 
analytical prediction. 



CHAPTER - I 


IRTRO PUCgl OIT 

Since strength has "been the major guiding design 
parameter in engineering practice so Par, it is considered to 
he the most important mechanical property of a structural 
material o But, with the development of high strength alloys 
and their increasing applications, particularly in defence and 
aerospace, this older design concept is found to he inadequate 
because of the awareness of the possibility for a catastrophic 
failure based on such a design criterion. Hence, there is a 
need for design against fracture, especially, in high strength 
materials. This has stimulated research into the fracture of 
materials and has resulted in the development of a number of 
design criteria based on the fracture process of metals. 

Rone of these criteria proved to be fully satisfactory for 
elastic -plastic materials, nevertheless, the property of the 
material required for the purpose of design against fracture 
hsis been identified, and is knovm as the fracture toughness. 

“ Pna cture Toug hness ; 

The fracture. toughness can be regarded as a 
critical value of the strain energy release rate for a 
material, which is also a measure of the resistance against 
crack extension. The purpose of measuring the fracture 
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toughness of a material is to determine a single parameter, 

which is capable of cha,ra,ct arising the material’s resistance 

_ 1 
to fast fracture, following ASHI recommendations , the 

valid plane strain crack toughness gives a measure of the load 

carrying capacity of a stx’uctural member containing a known 

flaw size. This procedure involves, firstljrj proper selection 

of specimen geometries like crack size, specimen thickness, 

ligament depth etc., secondly, fatigue pre-cracking in a 

controlled manner, and finally, the specimens a.re loaded until 

they break. The lo8.d at which crack extends, is measured in 

relation to the load versus crack opening displacement record 

and the fracture toughness can be estimated. The toughness 

measured by this procedure can be regarded as a basic property 

of the ma.terial, provided the plastic deformation near the 

crack-tip is highly localised in a very small zone compared 

to the crack size. Toughness measurement normally assumes a 

high degree of constraint to plastic flow of the material at 

the crack tip. When the crack is sufficiently long in a 

large heavy -section structure, all these conditions can be 

fulfilled for a low strength material. However, this 

condition can also be easily fulfilled with relatively 

shorter cracks and thinner sections in a high strength 

material. In practice, it is not always possible to follovf 

the above requirements and the kSTll recommendations, and 
the 

thusj^oughness measured will be a function of the degree of 
constraint together with specimen and crack size dimensions. 
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Thus, there is a, need for a careful study for the effects of 
crack length and specimen thickness on the toughness. The 
non-valid toughness data measured in tiiis wa.y, firstly, may 
help to assess the valid toughness of a material, and 
secondly, to find a lower limit of the parameters related to 
the specimen geometry for a valid test. Thus, if one under- 
stands the effect of those geometrical variables on the 
toughness property, then onl 3 r it might be possible to carry 
out fracture test more satisfactorily and economically. 

1.2; Frac ture Beha viou r of Metals ; 

Fracturo of engineering materials can broadly be 
identifiod as (a) brittle fracture and (b) ductile fracture. 
Brittle fracture is chara,c tori sod by a, fast catastrophic 
failure, whereas a ductile fracture is easily recognised 
from the extensive sic?/ stable plastic flow before rupture . 

These broad categories of brittle and duetile 
fracture can further be classified into the following four 
divisions based on the load versus crack opening displace- 
ment (COB) diagram and fracture surface observations (Figure 1.1) 
(i) Tru^ly brittle solid giving a perfect linear elastic 
fracture, as observed in glass. This is seen to occur 
in high strength materials or in a heavy soction beam 
with relatively longer cracks in medium strength 
materials, 
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(ii) Small scale yielding material, having fast fracture 
and a rapid propagation of crack, medium strength 
materials ?/ith rolativelj/- longer cracks or in high 
strength materials with short cracks and thin sections 
may behave in this moainer, 

(iii) low strength (or moderately medium strength) materials, 
v\rith a sizeable amount of plastically deformed zone 
near the root of a. crack, a.nd appr&cia.ble tip 
blunting associated v/ith a slow stable crack growth. 
During fractur^. of mild steel plate at, room temperature 
with moderate thickness such typo of behaviour is 
noticod noar the root of a crack, and 

(iv) Ductile metals with a capability of accommodating 
large plastic strain, producing voids and fibrous 
growth before.; discontinuous fracture. The final 
fracture is due to plastic instability and ductile 
tca.ring. Metals at elevated temperature and some 
pure metals at room temperature usually fracture in 
this mamer . 

Some amount of overlapping is bound to bo there as 
there is no clear cut boundary for such types of behaviour. 

In the first category, the plastic zone is completely 
neglected and a linear .jlastic concept is valid, whereas, in 
the second category, the plastic zone size can be included 
in the analysis without much alteration in the basic approach 
for linear elastic model. Dor example Irwin-McClintock’ s 
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plasticity correction and ASTM recommended '0%.. secant shift 
1 

load method may be sufficient for such situations. Analysis 
based on the extrapola.tion of linear elastic model or even a 
non-linear elastic solution may suffise for the purpose. On 
the contrary, for the class of materials in Category (iii), 

i 

such oversimplified approacn neither describes the fracture 
process nor can predict the fracture strength. Therefore, 
new criteria need to be evolved for such a large strain 
dominant situation, and possibly, a careful study should be 
made to understand the local fracture process in the background 
of the mechanism proposed for the fracture of ductile materials . 

Br ittle Fract ure 

A brittle fracture is normally recognised by a 

catastrophic fast propagation of crack and having a very 

little, or practically no plastic deformation at the crack tip. 

However, a ductile fracture is easily characterised by a slow 

stable crack growth with large tip blunting associated with 

fairly large amount of plastic deformation ahead of the crack 

tip. At the atomistic level, a brittle fracture can be 

described as a result of brealcing atomic bonds at the tip of 

5 4 

a crack. Griffith ’ first made a systematic study on the 
problem of brittle fracture for an ideal elastic solid in 
the presence of a crack. Griffith considex-ed the first law 
of thermodynamics at the onset of crack instability leading 
to catastrophic failui''e. So, the Griffith's equation is based 
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QU an energy balance criterion, figure 1.2 was considered by 
Griffith, showing centrally through cracked plate having crack 
length 2a, Ydiich was loaded by a remotely applied stress, o'* 
According to Griffith, this crack will propaga^te under a 
constant applied sti-ess, if an incremental increase in crack 
length produces no change in the total energy of the system. 
This means, the incremental surface energy is compensated by 
a decrease in elastic strain energy at the onset of crack 
instability. Thus, a crack v/ill propagate when the decrease 
in elastic strain energy is at least eq.ual to the energy 
required to create the new surface. For the geometry shown 
in Figure 1.2, Griffiths condition at the onset of fracture 
gives. 


2EYs 


for plane stress 


and . 0 ^ 



for plane strain 


( 1 . 1 ) 


where Yg is the surface energy per unit area, B and v are 
Young's modulus and Poisson’s ratio of the material respectively. 

If a plane strain situation prevails in a centrally 
cracked plate (Figure 1.2) the crack toughness can be 
expressed as 


Kjc “ V®- = if'rt X fracture stress x (semi -crack length) 


/ A which is a material property 


1 - V 


( 1 . 2 ) 
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T^hora, is defined^ as tho plane strain crack toughness 

px-oportj^ ox the matoz'ial, v/hich is obtained from tho critical 
value of the stress intonsity factor for a central crack, 

i 

defined as, = a fn fz. (Eoman I S '0311(3.3 for mode ' one, 

i. 8.5 tensile or opening mode). The subscript c on stands 
for the critical value of Kj . 'The fracture stress is calcu- 
lated from the load at which a crack extends. Hence, at the 
onset of fracture, a = a ^ and fo^:* a plane strain 

situation. 

It is important to determine the en.jrg 37 ' release rate 
at the onset of fracture in terms of the critical stress 
intensity factor. The change of energy released due to the 
extension of a crank from "a to a + A a" is given by 

a 

Gj = "A' o’ I u.|.^ dr {'^•3) 

o 


where, and u.j.j a.ro explained in Eigure 1,3. So, there 

exists a relationship betv/een and the critical value of 
Gj as 

^lo 

Gjo = for plane stress 


o 




for plane stra.in 


(1.4) 


^Ic is known as the critical strain energy release rate or 
the Orack Extension Force in a material. 

As our major objective is to find a reliable design 
criterion for predicting the stress level at v/hich rapidly 
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propagating fracture occurs 5 the quantitj of interest 
essentially will be, ''-Ghe crsick exteiisioh force'®, 
brittle or high strength materials with ideal plane strain 
condition, from Griffith's eqijation of energy balance, t.iis 
may give the stored e3.astic energy released from a cracking 
specimen as a result of the extension of a rapidly advancing 
crack. It also reprosoiits the fraction of the total work 
expended on the system to create now fracture surfaces. 


1.42 Elastic-Plastic, Fracture of Metals: 


Griffith’s concept of Fracture, strictly speaking, 

is applicable to truoly brittle elastic solids only. However, 

metals invariably sho¥/ some plastic deformation at the tip of 
b 6 

a crack ’ . In motals, during static fracture, before crack 
becomes unstable, the tip root blunting and crack surfaces 
opening with some spread of plasticity are commonly seen. 

The presoncG of plastic zone tends to inci'easo the resistance 
to fast fracture. This means, the applied forces not only 
have to do work to supply the surface energy, but also the 
energy required for the formation of plastic zone. Orowan 
and Irwin^ suggested that Griffith’s Eqn. (1.1), could be 
made more compatible v/ith brittle fracture in metals, by 
adding a plastic work term v/ith the energy required to 
create a new surface . Thus, for motals, in plane strain 


2E (Y 
[___l_s_ 

Tta(1 - 




itaCl - 


(1.5) 
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The surface energy term, y. , is normally very small 

s 

compared to the plastic work term, Y , in. metals* So, Y may 

p s 

be completely neglected for all practical purposes. Therefore, 

when the plastically j^ielded zone formation is highly localised 

near the tip region compared to the crack size and other 

specimen dimensions, landin’ s concept of ci-ack extension force 

along with it ' s relation to the local sti’ain energy release 

rate should be valid. On the contrary, if the plastic flo?/ is 

excessive before any catastrophic failure, then Griffith’s 

energy balance criterion will be insufficient. Thus, in an 

yielding situation, there is a need for a careful study to 

measure the Irwin's crack extension force at the onset of 

slow stable crack growth. The mechanisms which govern the 

resistance to crack advancement, and the unstable stage of 

slow crack growth should, also be examined for medium and low 

strength materials, especially, when the plastically yielded 

zone is not all that small. As brittle fracture of mild steel 

has frequently been observed under a plane strain condition, 

it is highly important that one must judge the situation, 

considering the degree of plastic constraint belov/ the crack 

tip as well. Theoretical study has confirmed that in a 

metal a high order of triaxiality could exist under a plane 

7 

strain situation . Thus, it is apparent that the degree of 
plastic constraint in triaxiality not only determines the 
value of the crack extension force, but also is a function of 
the specimen dimensions like crack-size, thickness and 
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ligament depth. Hence, the validity of a crack toughness 
test in a metal needis to be investigated from the lower limit 
of these specimen dimensions. 

• 5 s Ducti le Iractur e of Meta ls; 

In a ductile metal, fracture usually occurs due to 

s 

the grov/th and coalescence of holes . The formation of voids 
(around inclusions or second phase particles), and their 
subsequent growth and coalescence in an unstable manner should 
be understood. Small ellipsoidal cavities arc usually 

9 

observed inside the plastic zone . These voids are easily 

formed around a second phase particle in the presence of a 

1 0 

high hydrostatic tension and pure shear. Orowan first 
pointed out that, during a tensile test, at the centre of a 
round specimen, i.e., in the middle portion of the necked 
region,: there would be a large quadrilatex'al (or prolate 
spheroidal) void. This can bo understood as a uniaxial 
tension is resolved into a hydrostatic tension plus two 45° 
shear's. Hydrostatic tension at the center helps to create 
the void and the rotationally symmetric 45° shear deforms it 
into a prolate spheroid. The unstable growth of the void 
produces a quadrilateral shape. Thus, the shape dependent 
stability of a single growing void and the fracture ins tab- 
ility of the ligament for a pair of adjacent holes describe 
the ductile discontinuous fracture of plasticallj?- yielded 
material. Experimental observations on fractured surface 



reveals that the charac -laris tic feature of ductile fracture 
is a series of concave depressions as dimples and surface ^ 
tearing. Ohviously, a high local strain was necessarjr to 
cause such ruptures due to la,rge plastic flow. At high 
temperature 5 the nuclaation of voids inside a metal in-volves 
■various other complex mechanisms such as diffusion or micro- 
voids initiations on grain boundaries and second phase 
particles. 

As elastic stx’ess field in an incompressible solid 

gives a prior histor3?- of plastic stress field at the incipience 

of yielding, it might be ’worthv/hile to consider the stability 

of a single prolate spheroidal hole inside a rubber like 

material, lo understand this three dimensional hole growth 

1 1 

problem, Bandyopadhyay and Singh made a theoretical study 
on the shape dependent stability of a single prolate spher- 
oidal hole inside an incompressible medium under shear and 
uniaxial tension. 

In a simple shear field, the shear bursting strength 
of a single prolate hole is given by the shear modulus times 
a shape factor. A single prolate hole, in the presence of a 
source of disturbance in the nearly region, can also become 
■unstable under uniaxial tension field, especially vrhen the 
major axis is aligned to the direction of applied tension. 
Recent analytical investigation bj’- Beysarkar and Bandyopadhyay 
has revealed that the ligament between a pair of adjacent 
holes can become unstable due to the shear-localization which 
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follows a large increase in the local normal strain on the 

0 

k 

•void surface. Thusj a ductile fracture mechanism in the 
presence of spheroidal hole iiiTOlves the condition for shear 
strain localization (or localised flow-), followed a 
critical local normal strain attained on the void surfaces 
causing coalescence in an unstable manner. Such a large 
shear strain localization in a narrow band is favourable for 
local plastic necking instability associated 'with velocity 
discontinuity, Yvhich v^ill possibly be tantamount to fracture 
at a critical strain level. 


1.6s njimita- tions of ASlil Fracture Tou ghne ss Testing Method 
in th e Presen c e o f Qraok Tip Yielding s 


The fracture strength of a structural member may be 
virell below it's yield strength for sufficiently long cracks 
in hea'vy sections. Under these conditions only, the effects 
of plasticity spread are negligible, and the fracture strength 
obeying G-riffith's criterion, v/ill then be inversely propor- 
tional to the square root o'f the crack length. Hovrever, 
recent experimental observations ^ hs.ve shown that, for 
short cracks, the fracbure strength could be in the order of 
the yield strength of tho‘ material, and the effects of 
plasticity spread and the tip root blunting cannot be ignored. 
In the presence of a large yielding ‘near 'the crack tip, one 
would possibly measure an apparent toughness, instead of the 
basic ICjq. property. For such non^-valid si'buations, the 
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transverse high plastic consIraiLnt may not he possible to be 
maintained, and Vifill suddenly l)e relieved at a particular 
load through a local plastic flow ahead of the crack tip. 

This results in increased re sisfemce to crack propagation, 
leading to a slow stable crack extension. Such effects are 
raflGcted in the moasurements off plasticity spread, micro 
observations on crack-tip deloroation, and in the load-COI> 
records as increased deviation from the linearity before 
reaching a maximum load. The increaso In global specimen 
compliance in the presence of a sizeable plastic zone, leads 
to a loss of stress triaxiali'tj ahead of the crack, so that 

. . 'I C 

the material could become apparently tougher . 

Plastic zone size or the plane of the crack extension 

2 

is found to be proportional to ) , where o' is the 

y y 

16 

yield strength of the ma'terlal . Based on this, to be on 

"1 

the safer side, ASTM recommerds 

K 2 K 2 

a h 2.5 (”^) and B > 2.5(-— -) 

^y- ^y. , 

and similarly for the ligament (1.6) 

where a is the crack length lor edge cracked beam measured 
in inches, B being the thickness of the specimen in inches. 

Cy., and are in Zsi and Ksi l^inch units respectively. 

1 lit i 7 i ^ 

Many investigators li ^ questioned the 

basis of selecting the farctoi 2-5, v;hich is being multiplied 
in Eqn. (1.6). Thus, there is a need for a careful experi- 
mental in-vestigatioii on the effects of crack size and 
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specimon thickness on the apparent touglmess and the load at 
Y\rb.ich a crack extends in elastic. -plastic matcinals. Hence 5 
AST](l recommended procedure , for fractur 3 toughness tests based 
on the load -COD record, demands a proper selection of specimen 
dimensions and crack-size, to get an accura/be value, v/hich 

can be taken as the valid pls^ne strain crack toughness 
property for a given temperature, strain-ra-te and environmental 
conditions. Hence, the- specimen dimensions are assigned as a 
function of the two principa,! pre-conditions s 

(a) plane strain situation must be ensured at the tip region 
of the crack, and 

(b) the size of the plastically dofoxmed zone should be 
small compared to the characteristic dimensions of the 


specimen, like thickness, crack size and ligament depth. 
This permits us to measuro the valid of the material, 
which is obtained from a mathematical relation of the 
critical stress intensity factor derived from linear 
elastic fra.ctur3 mechanics concepts. 


1.7s Obje c tive of the P resent Work s 

The major objective of undertaking this work is to 
study the plastic deformation at the root of a crack and 
its relation to the ci-aok extension force, in the post-yield 
regime of fracture mechanics. Firstly, the load versus 
crack opening displacements are recorded carefully, in 
relation to the plastic zone size in two different steels . 
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Secondly, the effects of crack size and specimen thickness 
on crack-toughness and crack-tip plastic flow are in-vestigated 
experimentally for these materials. The increase in plastic 
zone size is measured experimentally to explain the loss in 
the resistance to crack extension. Thirdly, the apparent 
toughness is also determined by other methods, like GOD and 
J-integrals, for the purpose of comparing toughnesses 
obtained by different methods, liimlly, the shape dependent 
stability of a changing prolataness for a spheroidal Toid 
is studied under uniaxial tension and shear in an incompre- 
ssible solid. These analytical results are -verified by 
experiments on a lead alloy. 






ig. 1.1 Schematic Load - COD plot for different materi 
(a) ideal linear fast fracture (b) small scale 
yielding fast fracture (c) moderately yielding 
fracture (d) fully ductile fracture. 
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LITERATURE BEVIM 

2 - 1 ° Differe nt M odes of Practur e s 

Practure toughness is normally evaluated in three 
different modes and these are described in Figure 2.1; 

(i) When the crack surfaces separate in the direction of y only 
i.e. the crack opening displacement is perpendicular to the 
surface of the crack, it is normally called opening mode or 
Mode I fracture. In this situation, the tensile component 
of stress is applied in the direction of y, i.e. normal to 
the crack face, (ii) When the crack surfaces slide in the 
x-direction only, it will be called a shearing mode or 
Mode II fracture. In this mode, the shear stress component 
acts normal to the leading edge of the crack, which is also 
parallel to the crack surfaces, (iii) If the crack surfaces 
slide in the z-direction only, it v\fill be called an antiplane 
strain shearing mode or Mode III. In this case, the shear 
component of stress is applied parallel to the crack surface, 
which is also parallel to the leading edge of the crack. 

The present work is primarily confined to Mode I 
fracture in three point bend test. 
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Elastic Stresses an d Displacements Around a Crack-Tip ; 


If one assumes that the tip of a crack is very sharp 

in a brittle material, then an inverse square root singularity 

19 

of stresses is seen very close to the crack-tip. estergaard , 

20 21 22 20 
Williams , I'iiuskhelliville , Sih , and Liebowitz gave the 

following expressions for the stresses and displacements near 

the root of a crack (Figure 2.2) s 
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Uy = Kj + 1 ) sin - sin + ..... (2.1 ) 

where, Kj is a constant very close to the tip, and known as 
the stress intensity factor for a crack in mode one. G is 
the shear modulus and x = 3 - 4v for plane strain and 
(3 - v)/(1 + v) for generalised plane stress, and l) being 
the Poisson's ratio of the material. Thus, there is a need 
for a careful definition of the term "stress intensity factor 
for a crack" . 
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2.3? f f i 'b hi A 0 1 'i'berion and Br it tle Fracture of Solids ; 

24 

Iiiglis analysed the stress distribution around an 
elliptical hole in a flat plate under uniaxial tension. The 
maximum stress at the tip of a hole is (a, = a^(1 h — r-) . 

I ^ IQ.S.X « O D 

Thus 5 when b/a ratio is small, there is a very large stress 
build up at the root of a narrow elliptic notch. For very 
small values of b/a ratio, G-rif f ith^ ’ calculated the 
decrease in strain energy due to the cut-out in a tension 
pl8.te, using Inglis's' result. As the elliptic cut-out 
becomes a cra.ch, the decrease in strain energy of the plate 
per unit thickness tends to be 



% p^_j a 
E 


(1 



( 2 . 2 ) 


for a plane strain situation. Figure 2.3 shows the nature 
of U-p against the semi -crack length, a. 

Furthermore, Griffith considered the energy required 
to create a new surface per unit area. In a brittle elastic 
solid, this is obtained as area under the force-displacement 
relation betv/een the pairs of atoms representing the 
cohesion of a solid. Thus, if tho energy required to create 
a new surface per unit area in a material is termed as Yg, 
then the surface energy required per unit thickness in 
creating a crack of length ’'2a'' is given by 

Tjg = 4a Yg 


(2.3) 
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The nature of variation for Ugj Ug and are 

shown in Figure 2.3. 

Griffith^’ ^ then applied the first law of thermo- 
dynamics at the onset of fracture, considering the energy 
■balance criterion. Thus, the crack will be in a stable 
equilibrium so long as ^^total— will start 

propagating when the decrease in elastic strain energy is at 
least equal to the energy required to create the new surface. 
Hence, at the onset of crack extension - qq -^ q ;]_ = 
fracture stress is given by Eqn. (T.1). Thus, an unstable 
catastrophic fracture would take place when an incremental 
release of stored elastic strain energy in a cracked body 
becomes more than (or at least equal to), the energy required 


to create the new surface. 


It is also interesting to note that in Griffith’s 
equation ^j,Va = constant for a material, and this constant 
is termed as the toughness of the material, which gives a 


measure of the energy release rate in the crack-tip region 

at the onset of fracture. 

25 

Barenblatt studied the nature of the crack-tip 
shape and the finiteness of stresses at the root of an 
equilibrium crack. According to this hypothesis, the 
opposite faces of a crack close smoothly at the crack 
contour-end where cohesive forces are present in a small 
zone. The distance between the two crack faces at the tip 
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is in the order of an interatomic spacing at the onset of a 
"brittle fracture, gi-sring a stress level as high as the 
cohesive strength of the material. 

Thus, "based on Griffith's criterion for brittle 
fracture and also Barenblatt's description of crack tip, it 
may be possible to define the stress intensity factor for a 
crack. For mode one opening of a crack, under tension loading, 
in a centrally slit crack of length 2a, 

ILj = cTq V'rt * Va (2.4) 


where, is the applied stress normal to the crack face. 
Hence, at the onset of fracture, becomes fracture stress 
a^f and reaches a cintical value of Kj^, which is given as 


K. 


ic 


V'n; . Va 


(2.5) 


for an elastic brittle fracture under a plans strain situa- 
tion. 


2,4 1 Irwifi-Orowan Modification and the Concept of Fracture 
Toughn ess o f a Metal ; 

Experimental evidence shows that in all engineering 
metals and alloys, a small plastic zone would always be 
present ahead of the crack tip before the onset of fracture. 
Orowan^ and Irwin suggested a modification in Griffith's 
equation. According to them, the energy released at the 
crack tip is a function of the plastic energy dissipation 
plus the energy required to create a new surface. Hence, Yg 
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is modified as Yc< to account for the plastic deformation 

at the tip region. In metals, the magnitude of Yg is very 
small compared to the plastic energy dissipation rate. Thus, 
at the onset of fracture, the critical value of the stress 
intensity factor ■ becomes entirely due to the plastic energy 
dissipation rate. Thus, the crack toughness can be regarded 
as the critical value of the strain energy release rate for 
that material at the onset of fracture . As the purpose of 
measuring the fra,cturo toughness is to find a single para- 
meter characterising the materials resistance to fast 
fracture, the toughness will also be . a measure of the resis- 
tance to crack extension. 

2.5s Linea r El astic fracture Idecfaanics (IiEPM) Approach in 
High ' S trcng~fe Materiai~s sTs Rec o mmended by AST Ms 

The stress intensity factor for calculating the 
fracture load of a cracked beam is v/ell founded in an 
elastic mediun. The load is always proportional to the 
crack opening displacement for such materials. Experiments 
on high strength materials show a linear load -COD record 
upto the point of fracture, especially under plane-strain 
situation. Thus, in the presence of a high degree of 
plastic constraint in a very localized region, a perfect 
linear elastic brittle fracture can take place for such 
materials. If a precracked beam fractures in a plane strain 
condition, at a stress level v/hich is well below the yield 
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1 

strength of the material, then ASTM recommends that the 
mea,surement of should give a valid crack toughness 
property of the material. 

In some cases, -before the onset of fracture, some 
non-linearity in load-COI) diagram is noticed due to the 
crack-tip deformation. So long as this deviated region is 
small compared to the linear region then it may be possible 
still to use the basic LEPM approach. In such cases, as the 
maximum linear load and fracture load are not coinciding 

I 

exactly ?/ith each other, ASTM suggests that a secant 
offset load which ?/ill fall very close to the crack extension 
load should be adequate, and would approximately give a 
measure of crack toughness property in such materials. The 
materials which show some amount of sub-critical crack 
growth and considerable amount of plastic deformation are 
described later. 

1 

Brown and Srawley recommended the ideal linear 

elastic type fracture for a valid test. Thus, in a 

perfectly plane strain fast fracture with either very little 

or practically no subcritical crack growth can only give an 

accurate measurement of valid Methods for measuring 

plane strain crack toughness, of a material, through 

simple experimental tests on standard specimen geometry and 

12 

dimensions are given by ASTM ^ . 

If a pre-cracked specimen is slowly loaded either 
in bending or tension, the load at which an abrupt crack 



extension takes place is observed carefully in relation to 
the load -COD record. The applied nominal fracture stress can 
be calculated based on the critical linear elhstic fracture 
mechanics stress intensity factor 

- S- " ^2. (2.6) 

•'•i JL v-i __ 


where, a is the gross nominal bending stress and is equal to 

, pc? 

3/2. =—pr . At the onset of fracture P = c = and 

Bf 2 ± ^ 

calibration factor Y can be obtained either from Pigure 2.4 

I 

or using the following equation given by ASTM 


Y 


A^ + A, 
o 


(-) 


A. 


(") 




(2.7) 


where A^ , A.| etc. are tabulated in Table 2.1. 


2.6s ASTM Recommendations and Siae Requirements for a Valid 
T est' ; "" ” ' 

On one hand, a brittle fracture of low strength 
materials, like mild steel, is noticed near the middle 
portion of a beam at low fracture stress in a heavy section. 
Whereas, on the other hand, a ductile type of fracture with 
substantial amount of plastic flow is common in a very short 
cracked and/or thin beams for a medium or high strength 
material. In general, if a short crack emanating from a 
flat surface of a beam is stressed either in tension or 
bending upto the fracture stress of the beam. , the plastic 
zone size could be as large as the crack length, especially 
when the fracture stress is in the order of yield strength 



of the material. In such situations, a considerable deviation 

from the plans strain condition could occur-. The major 

sources of inaccuracy in measuring crack toughness arise due 

to the increase in specimen compliance as a result of .crack- 

tip blunting and excessive plastic flow near the tip region. 

In order to avoid this difficulty of measuring the valid 

instead of measuring an apparent toughness due to the loss 

-1 

in triaxiality, Birown and Srawley (through ASTM) recommended 

that the size of plastic zone should be the guide line for 

selecting proper specimen dimensions. As it is known that 

1 %c 2 

the plastic zone sizes are in the order of ^ — ) for 

7 

plane strain and three times of that in the case of plane 

“I 

stress, Brown and Srawley in ASTM, recommend for a valid 
crack toughness test that the crack size, thickness and 
ligament depth should be as follows s 



and a £ 0,5 W (2.8) 

Here the imits of are in Ksi Vin, cr is Ksi and a, B 

«/ 

and W are in inches. These recommendations are based on 
experiments on high strength materials. 
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2.7: Yield •i Y racture Mechanics and Fracture Toughness 
DetelSinai:ion by GOD Method ; 

I 

When fracture occurs in the presence of a significant 
amount of yieldirg, it is important to find a relationship 
between the applied stress, crack -size and material toughness. 
The major objecti^^e of yielding fracture mechanics is to 
describe the fracture behaviour for a material of some limited 
plastic yielding a.t the root of a notch or crack, A comple- 
tely ductile fracture situation with a very large plastic 
flow involving void growth and coalescence inside the 
material is outside the regime of yielding fracture mechanics. 
Thus, the yielding fracture mechanics mainly relies upon the 
extrapolation of basic linear elastic fracture mechanics 
concepts, but with some modifications, so as to incorporate 
the effects of plastic zone and stress- strain distributions 
inside the deformed region on the calculations of 'che 
fracture strength of that material. This subject mainly 
studies the nature of plastic deformation at the root of a 
crack which is being deformed to a notch with some plasticity 
spread ahead of the root, producing some localized slip and 
a new elastic -plastic stress field near the root region. 

The plastic zone and the deviation from an ideal plane strain 
deforma-tion play important roles in affecting the final 
fracture process. Thus, in unyielding situation, the 
conditions for fracture of metals demand additional inform- 
ation on crack-tip deformation and plastic strain field 
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together with elastic -plastic stress distributions ahead of 

a notch. A subcritical crack grow^th may ‘occur before the 

final collapse of the notched body. 

5 6 

Orowan and Iiwin first emphasized the importance 
of evaluating a single material toughness parameter where it 


would be possible to use the basic LEITM approach. Irwin- 

2 

McGlintock’s correction and 5^ secant shift load recommended 
-1 

by ASTM are a fev/ such examples to calculate toughness in 

small scale yielding situations. 

Fracture criterion based on the SIF approach is 

found to be inadequate to describe the fracture for an yielded 

crack-tip situation. Additional information on strain level 

at the crack-tip region is also needed to describe such a 

fracture. For a plane stress, yielding situation^ fracture 

criterion entirely based on crack opening displacement has 

26 

proved to be useful. Based on Green and Hundy's experi- 

27 2R 

mental observations, Dugdale Bilby, Cottrell and Swinden , 

16 2C 

Hult and McClintock and Goodier and Field presented a 
mathematical relationship between the crack length, plastic- 
zone, yield strength and the crack-tip opening displacement 
for an elastic -plastic material. Thus, so long as, a/cr at 
the onset of fracture is less than 0.7 or so, the plastic 
zone, R, and the GOD, 6, can be obtained as 


a 


R + a 


= cos 


na 
2 c 


7 


and 


8 O’ .a 

6 = — In sec 


TtO- 


20 


( 2 . 9 ) 

( 2 . 10 ) 


I 
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where 5 a is the yield strength of the material , S is Young ' s 
Y 

modulu? and 2a Toeing the central slit crack size . for plastic 
yielding situa.tion in plane storess, Bilby-Cottrell-Swinden 
model proposes that IrvVin's toughness is entirely given by 
the crack tip opening displacement, 6 , as 


O-r/T 4 - s = 0'6 (2.‘ 

I c (plane stress) j c ^ 

Bichols^^, Tetelman and Robinson^\j Banerjee and Pandey^^ 
found the above relation to be very useful for predicting 

fra,cture stress at large plastic strain induced situations. 

34 33 36 37 

V/ells , Turner , Green and Knott , Rice , Burdekin ■■ 

'ZO 

Paris and Liebowitz"^ made attempts to use a similar expre™ 
ssion for an yielded crack-tip plana strain situation based 
on COD criterion. Either in a plane strain condition or when 
a deviation from plane strain occurs (mixed mode of plane 
strain and plane stress), the toughness may be calculated as 


'I G ( pi ane s train ) 


a a .5 
7 c 


( 2 . 12 ) 


where, a is the correction for accommodating the plastic 

constraint factor ahead of the notch. The value of a is 

somewhat imlcnown and mostly relied on experimental data. 

34 35 

Turner^ and Green and Knott recommended a value of a = 

2.1 for an ideal plane stra,in metal fracture. Thus, this 
method of calculating the toughness considers the effects of 
crack-tip strain 6 and the plastic stress elevation.- For an 
yielding crack-tip, it is necessary to modify the LEPM stress 
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field near the root of a crack. In a recent work Deysarkar 

39 

and Bandyopadhyay examined the combined effects of crack- 
opening and tip-blunting on elastic as well as elastic-plastic 
stress field near the root of a crack like notch. Bor short 
cracks in thicker section beams, normally the plastic yielding 
near the tip could be significant. Irwin"^^ and Oottrell^"^ 
suggested that the load, at which the crack was just at the 
onset of extending, should be measured carefully. The 
ci-itical GOD and, the crack extension load would give an idea 

of resistance to crack extension for that material. As 

42 

correctly pointed out by Sumpter and Turner that during an 
yielding fracture it is as much important to record gradually 
increasing plastic zone as its crack extension load and 
critical COD. 

Another alternative method of calculating the 

toughness of a material under yielded situation is by J- 

36 

integral approach, developed by Rice . Other methods of 
measuring fracture toughness for different materials are 
described in subsequent sections. 

Brom the above discussion it is clear that, to a 
first approximation, the fracture stress during a fast 
fracture, can still be used to calculate the fracture 
toughness of a yielding material. But, the amount of plastic 
deformation p re c ending the fractur-e also gives a measure of 
the energy dissipated near the tip for such materials. Thus, 
an imderstanding of a metal's toughness also depends on the 
size and shape of the plastically defoimed zone. 
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A mere attairunent of plane strain does not always 
guarantee a fast fracture in such yielding materials, because 
the plastic zone preoe^ding fracture must be small also with 
respect to crack length and ligament depths So, it is not 
only the elastic -plastic stress ahead of the tip but also 
the distribution of plastic strains associated with fracture 
are of major importance. All such complexities are predomi- 
nant near the r'oot region of a short edge crack or a thin 
section cracked beam. COD criteria for fracture conveniently 
evaluate the toughness in plane stress for large strain 
induced slow crack growth situation, whereas the critical 
stress intensity factor approach determines the toughness in 
fast fracture under plane strain situation in high strength 
materials. 

To understand the fracture behaviour of a cracked 

body which is neither fully plane strain nor completely plane 

stress near the tip region, it is necessary to measure the 

plastic zone sizo to calculate the fracture toughness in 

such elastic -plastic situations. In a recent paper Rice and 
43 

Sorensen conclud.ed that there is a good correlation between 
the toughness, J-integral value and the measured COD for an 
elastic -plastic material. Thus, it seems that, other than 
concept, either COD or J-integral method offers a reasonable 
one-term description of the conditions at the tip of an 
elastic-plastic crack. Several researchers^^ made a 
systematic comparison of these methods of calculating toughness 
in elastic -plastic materials. 
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2*8" Measur ement o f I'racture Toughness by J -integral Method s 

Recently considerable attention has been focussed on 

strain energy methods applied to crack and notch problems. 

The principle is primarily based on the calculation of 

potential energy and the analysis of virtual work in a 

36 

stressed body. Rice extended this concept to elastic -plastic 
materials. Strictly speaking, the analysis is valid for 
elastic solids. The foundations of the theory on pseudo- 
potential energy in an elastic -plastic material are not very 
well established. Thus, theoretically it is difficult to 
justify such energy concepts of fracture in yielding 
materials. Nevertheless, attempts are being made in the 
literature to define a single parameter characterising the 
fracture behaviour of materials on the basis of this concept. 

If one defines the change in potential energy of a 
cracked body by a line -integral J along any cracked path r 
surrounding the notch tip (starijing from the lower surface, 
and ending on the upper surface of the notch) such that 

where Figure 2,5 (a) shows that the curve is traversed in 
the anticlockwise direction, s is the arc length, T is the 
traction-vector (T = cr n. ) defined on r according to 

X J J 

outV'fard normal to the path p. W ( ) is the strain energy 
density given by 
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mil 

W (e ) = f or. . d e. . 

^ mn^ ^ 10 10 


( 2 . 14 ) 


I'or a linear elastic body suboected to a single 
unidirectional stress, a, with a strain e, the expression 
for W becomes ^ he. As the free surface of the notch cannot 
withstand a stress normal to its boundary, the traction 
vector becomes zero. The path independent nature of J makes 
it a valuable analytical tool. Rice has further shown that 
the J-integral may be interpreted as the potential energy 
difference between tv/o identically loaded bodies having crack 
sizes "a” and ”a -i- A a” 


J 



It. 

Aa -»■ 0 


M 

Aa 


( 2 . 15 ) 


where Au is the potential energy change of the body due to 
an incremental increase in crack length by Aa. I'or a linear 
elastic solid, the strain energy release rate, Gj and J 
defined as the change in potential energy per unit crack 
extension per unit thickness of the plate, are primarily the 
same quantity, figure 2.5(b) shows schematic linear and 
non-linea,r loading curves corresponding to specimens with 
crack lengths "a" and " Qf Aq, ” under displacement control. 

The area is given by JB A a, which gives a direct experimental 
measurement of J. 

4 -^ 

Landes have shown experimentally that 
the critica.1 va.lue of J may be used a,s a fracture 
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characterizing parameter. They have observed that J at 

fracture is independent of the specimen geometry and loading 

system. According to them, is thus a material property. 

Hov/ever, at present there is certain controversy regarding 

concept as a fracture criterion in elastic -plastic 
47 48 

solids , but many people found J as a single parameter 

characterising the fracture as reasonably accurate. Rice 
43 

and Sorensen have- found an excellent agreement betv^een J- 

integral value and critical COD toughness calculated in 

several elastic-plastic materials (ligure 2.6). 

Recently, considerable attention has been focussed 

on how to apply J-integral fracture concept for studying the 

effects of specimen thickness and crack size. Vitek and 
49 

Chell studied the validity of J-integral calculations in 

the post-yield fracture mechanics regime. J appears to be 

more appropriate to fast fracture situations than the one 

based on COD. However, while studying the thickness effect 

30 

on apparent toughness Taira and Tanaka found a satisfactory 

experimental interrelationship between notch tip opening 

displacement and J-integral calculated. As the thickness 

effect on elastic -plastic crack-tip stress field is 

basically a three-dimensional problem, it is important to 

understand experimentally how the effect of plane stress 

can alter the plastic constraint in plane strain. J-integral 

approach has also been used to study such non-valid data so 

1.8 

as to find out a valid toughness in such post-yield regime 
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The equi-valent energy concept was introduced by 
Witt arrl Mager^"' based on the analysis of J-integral^^’"^^ . 

It is primarily an extersion of critical concept 

36 4 " 6 

proposed by liice , Begley and Landes . As there are 
practical difficulties in measuring the differential area 
under the load versus load -point displacement recorded curves 
of the similar cracked bodies, it would perhaps be convenient, 
if one measures the area under the entire diagram. The 
principle is based on the idea that for two geometrically 
similar bodies J/aT will be constant, where A = area under 

the graph at any point per unit thickness of the specimen# 

2 

In this procedure, firstly, a normalised P/3 
versus <5 /B diagram is drawn and then the area under the 
normalised load -deflection curve upto the fracture is termed 
as the volimetric energy of the body. Bor an elastic -plastic 
situation using this concept an effective way of measuring 

toughness was to Chell-Milne and Kirby , who found the 

:f - 

following modified method . The crack toughness by this 
equivalent enei-gy procedure is equal to s 


Apparent crack toughness for the maximum linear load 


X ( '^o'fcQ-1 n orma lised area under load - GOB diagram 1/2 

^Area unde'F the linear portion of load - GOD diagram'^ 


2*9: R-Qurvc Met hod of Determining Toughness ; 

An important feature of fracture under fully plane 
stress condition is the stable crack growth prior to fracture. 



It is also frequently referred to as slow crack growth 
situation for an yielded crack-tip. large plastic yielding 
ahead of the crack-tip and substantial tip blunting are 
common in plane stress deformation. However, for a plane 
strain elastic -plastic fracture, the thickness of a cracked 
beam is sufficiently large to maintain a high plastic 
constraint with practically no slow stable crack growth 
pjcducing a square fracture surface. Whereas, a slov; stable 
crack growth prece^ding a slant fracture surface is easily 
seen for plane -stress. Yfhen a plane strain fully constrained 
situation changes to an unconstrained plane stress yielding, 

R-curve method is found to be very useful in these situations. 

52 

Krafft, Sullivan and Boyle suggested that a crack extension 

resistance parameter can be proposed based on the plastic 

Y/ork expended due to slant and square fractures. Thus, from 

the onset of crack extension, it would be possible to 

calculate Irwin' s G-j for plane stress and similarly, 

■^critical 

for a slov/ stable crack grov/th situation, the fracture 
instability load can be obtained from Y/here is calcu- 
lated from an experimentally determiiied R-curve. As there 
is always a continuous balance bet'Yeen the released energy 
due to the creation of nev/ surface and the consumed plastic 
energy, a Considerc type plastic instability condition can 
be derived. Ihus, if one plots the value of against the 
percentage of crack extension ard. draws a tangent line on 
R-curve passing through the point a. = - a^, the instability 


point on the R-curve corresponding to can be obtained 

(a is the crack length and a^ is the initial crack length). 

In this way, G^^^ critical (plane stress) can be calculated 

for any elastic -plastic material under stable crack growth 

situation. To study the effect of thickness on firacture 

' 53 54 

toughness, R-curve method has been found to be very useful ’ . 

2 • 1 0 s Effect s o f Crack Length and Specimen Thickness on 
0 rack Tough ness Measurements t 

lor sufficiently long cracks, the strength of a 
fracture test specimen may be well below the yield strength 
of the material and the size of the plastically yielded zone 
may not be all that large. However, either for a short crack 
or for a thin section cracked beam neither tho size of the 
plastic zone is small nor the fracture stress is well below 
the yield strength. For a valid test, ASTM made certain 
recommendations of size requirements, which should be 
strictly followed. Thus, it has become necessary to under- 
stand ho¥^ specimen thickness and crack size alter the crack 
toughnesses property of a material. As ASTM only accepts 
the valid toughness data, most of the tests conducted for 
such thin section beams or short cracked beams wi3,l be 
considered as invalid by ASTM criteria, inspit© of the 
fact that the failures still could have occurred by 
unstable crack propagation. ASTM recommends 5% secant 
offset criterion equivalent to 2% crack extension. Clearly 
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it ?/ill reject tests ?/he.re slow crack extension has occurred 
beyond 2%, and/or where plasticity spread has been sufficient 
to cause deviations beyond 3 % secant shift limits. To find 
a lower limit of the crack size and specimen thickness in 
different materials for a valid toughness test Cottrell 

and Longstone ^5 Jones and Brown Bandyopadhyay and 

17 1R 

Griffith and Chellj llilne and Kirby investigated the 

validity of these ASTM recommendations, figures 2.7 to 2.11 
show these results which clearly demonstrate that ASTM 
recommendations are mostly an overestimate for testing 
different materials. Thus, the specimen thickness and crack 
size are the two most important geometrical parameters which 
can substantia,lly alter the plane strain valid crack tough- 
ness property of a material . The need for a careful study 

of these effects on toughness property of a material has 

55 56 

been emphasized by others as well . 

% 

In all these non- valid tests, as plastic flow is 


significant, some amount of crack -tip blunting is inevitable. 

The effect of notch-tip root radius on fracture toughness 

57 

measurements was first due to Y/ilshaw, Rau and Teteleman . 
The combined effects of root radius and crack size on 

50 

toughness were considered by Heald, Spink and Rerthington-^ . 


Bor a blunted notch with radius p and semi-crack length, 


c, the apparent fracture toughness is given by 


^ 0 
__u 

1 .+ (p/c) 


u , 2 -1 

^ M COS 0 


( 2 . 16 ) 



40 


?/h.ere cj^ is the ultimate strength and is the true valid 
plane strain crack toughness of the material. 

In the presence of crack-tip yielding for short 

cracks or thin teams, some amount of non-linearity in the 

load-COD record during the fracture test is invariably 

noticed, increase in specimen compliance can be due to a 

slow stable crack growth as well as large crack-tip plastic 

flow because of deviation from plane strain condition, for 

42 59 

shoi*t cracks, Sumpter and Turner , Lkibeen and Bandyopadhyay 
observed that the plastic zone size and shape ahead of the 
crack-tip mainly describe the nature of fracture, for a very 
short crack the 3rielded boundary may even touch the free 
machined specimen surface. So far, no single satisfactory 
method of crack toughness measurement is available to 
evaluate the crack- toughness property in such a complex non- 
valid testing regime. Unless a careful analytical and 
experimental study is made on such mixed mode plane stress- 
plane strain deformation situations, it would be difficult 

to obtain the toughness value in this regime accurately. 

6 0 6 "1 6 ? 

Dixon , Boyd and Ritter studied the effect of elastic- 
plastic deformation stress field and fracture surface 
considering the effect of triaxiality. Miller and Kfouri^^ 
obtained an elastic-plastic stress field and plastic zone 
size of crack-tip under uniaxial and biaxial loading condi- 
tions. Their analysis shows that the local stress ahead of 
an yielded tip can be several times the yield strength of 
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the material. This further confirms the study on charpy 

notch by Knott and Gottrell^^, Griffiths and Oottrell^^, 

Griffiths and Owen . In all these above investigations a 

predominant effect of notch strengthening is noticed. Loss 

of triaxialitj?', due to the side and through thickness plastic 

flow near, the tip region, can increase the crack toughness 

of a material. As the thickness is decreased, the effect of 

plane stress becomes increasingly dominant over the ideal 

plane strain deformation. The effect of thickness has been 

67 68 

studied systematically by Wessel , Irwin, Kies and Smith , 

62 1 

Krafft, Sullivan and Boyle , Brown and Srawley , Tetelman 

and McEvily^^, May"^^ and Pellini'^'^ . Chell, Milne and 

1R ‘72 

Kirby , and Chell and Worthington used equivalent energy 

method to calculate apparent crack-toughness in the non- 

valid regime aiad compared their results with the calculated 

toughness based on GOD, ASTM and observed crack extension 
76 60 

load. Bluhm'^, Taira and Tanaka"^ also examined the effect 
of specimen thickness on notched mild steel specimen and 
emphasized that there is a need for careful examination of 
plastic zone at the tip. 

In the present work, a careful observation of the 
plastically yielded zone has been made in relation to the 
load-COL diagram together with the crack-tip deformations 
for short cracked and thin beams of two different steels 
mostly in the non- valid regime. 
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2 . "l 1 s Experimental C bser-yations on Plastic Deformation Uear 
^"G iack' -t ~ip ; 

There are few reliable experimental data on the 
derelopment of plastic zones around cracks, because of 
difficulties associated in measuring the defomaed zone 
inside the material under plane strain, particularly v/ith 
small scale yielding situation. It is generally recognized 
that small plastic zone (compared to crack size, specimen 
thickness, ligament etc.) forms in conditions close to plane 
strain, v/hile the large ones are commonly seen under plane 
stress situations . 

Dugdale"" evaluated the size of the plastic zone 
ahead of a crack in a fchin mild steel plate. Green and 
Hundy^^j Yitvitskii ot al'^^ carried out more detailed experi- 
mental study of plastic deformation near a crack in low 
carbon steol plate . 

75 

Hahn and Eosenfield made a careful study on the 
plastii.c floYf and slip at the root of a crack under plane 
stress oituation by etching process. 

Localization of plastic strains in thin slip band 

layers and plastic deformation near the root of notches are 

6A 

also observed by Knott and Cottrell , Griffiths and 
Ccttrcll^^ aM Ewing and Eichards"^^.; Dixon^*^, Pratt”^"^, 
Gerberich'^^ , Sedlow'^^, Mubeen and Bandyopadhyay^^ described 
an alternative procedure of measuring plastic zone at the 
root of a crack, mainly by photo elastic coating method. A 
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metallic specimen cemented with photoelastic coating is 

loaded to get the fringe patterns showing iso-shear stress 

lines. Assuming ¥on-tIises or Iresca yielding condition, a 

particular fringe order boundary normally gives the yielded 

boundary. By this technique, one can get a consistent 

measurement of plastic zone, contours of which very well 

80 

resemble those of the theoretical calculations of Irwin , 

20 10 81 
'filliams , Westergaard ”, and Wells and Post . Using a 

replica technique and electron microscopy similar observations 

82 

were also made by others . In recant years several inves- 
tigators used Ivloiro fringe patterns'^ , Caustics^"^ and 
re crystallization methods to find the plastically deformed 
zones near the tip region. In the present work, photoelastic 
coating method has been used to observe the plastic zones 
at the tip of the crack. 

2 , 12 1 A Stud y on t he Stability of Void Shape Under Uniaxial 
l e ns io ir 'and S he ar ; 

In ductile metals fracture occurs duo to the growth 

and coalescencu of voids. During the tensile test of a 

ductile metal, small cavities are commonly seen to occur in 

the necked region before the final fracture of the specimen. 

10 

Orovs^an first observed that at the centre of a round 
tensile specimon, spheroidal type void would be produced 
in the middle portion of the necked region. The hydrostatic 
tension at the centre helps to create a void around inclusion 
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(or a second phase particle ) j the 45° shear stress deforms 
the veil into a spheroid first, and then at the onset of 
instahility it becomes a quadrilateral shape. Recently, 
considerable attention has been focussed on the derelopment 
of a theory of ductile fracture due to spheroidal hole growth 

O 

inside a plastically yielded medium. McGlintock first made 
a systematic study on the cylindrical hole growth problem 
inside a plasticaJ-ly yielded material. According to this 
analysis, ductile fracture inwolves (a) shear localization 
bet^r/een the spheroidal holes and (b) a critical normal 
strain level needs to be achieved on the void surface before 
unstable fracture. The plane strain deformation of a 

86 

cylindrical hole in copper was studied by Perra and Pinnie 
which further confirmed the unstable shear growth of a void . 
The problems of localized shear strain build-up and its 

role in plastic flow-localization were considered by Price 

R T RR R Q 

and Kelly , Cottrell and Stokes , Buvers and Honeycombe ^ 

90 

and Rudnicki and Eice^ . The necking mode of plastic 

91 

instability due to void-coalescence was studied by Argon , 

92 94 91 

Backofen , Thomason Kagpal et al , 

95 96 

El-Sudani and Knott , and further by Tait and Taplin , 

97 

and Raj and Ashby . 

98 

Bilby, Eshelby et al pointed out that a single 
prolate hole could have a shape dependent instability 
inside a liquid matrix. Thus, it may bo necessary to under- 
stand the shape dependent instability of a void and it^"s 
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99 

rolation to ductile fracture. I)^;ysarlcar and Bandyopadhyay 
roccatly calculated the interaction of strain field between 
two prolate spheroidal holes inside an incompressible solid, 
which showed distinct conditions for shear localization in 
the ligament and abrupt increase in normal strain on the 
void surface causing instability. In the present v/ork, the 
shape dependent instability of an initially spherical hole 
is studied under uniaxial tension as well as simple shear. 
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TABJjE 2.1 

-1 

Coexficients for calculating Y-factor for four-point 
and three-point bend specimen 



^0 


^2 

^3 

h 

four-point 

1.99 

-2.47 

12.97 

-23.17 

24.80 

Three -point 

ux 

> 

11 

CO 

1.96 

-2.75 

1 3 . 66 

-23.98 

25.22 

S/V' = 4 

1.93 

-3.07 

14.53 

-25.11 

25.80 





Crack 


o=Crack' length. 

Stress components at the crack tip 
Crack , an cj 'frame of reference. 
Mode 1 ,oc, opening mode. 
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Mode '3' or .ant'splane. shearing mode. 


odes of fracture and crack surface 
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2.4 Y Factor for three -point and four- point bend 
Specimens [1 ] ' 
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Correlation of crack opening displacement with crack 
advance at 1st node behind the crack tip in Sorensen’s 
analysis. [43] 
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(a) Bend specimen crack length, 0.27 inch (6.9 mm); 
Width, 0.55 inch (13.9 mm). 


A Excess plasticity 


4 

. i . ..t 


..^1 L J i J — 


(b) Bend specimen crack length, 0.5 inch {13 mm); 
width 1.0 inch (25 mm). 




a Excess plasticity 


.--l J-. . 

2 3 


9 10 11 




Specimen thickness, B, in. 

'' ' . -J: -J ^ L—. J 

, , '0.5'' , 1.0 ■ 1.5 '2.0 ' ^ 2.5. .,„■■■ "■ .. 

Specimen thickness, B, crn 

(c) Bend specimen crack length 1.1 inch (27.9 mm); 
width, 2,2 inches (55.8 mm), 


7.7 Kq values as function of specimen thickness for 
4340 steel tempered at 750 F (672 K) for 1 houn 
Conventional yield strength 213 ksi (1467 
Jones and Brown [14] 







Initial crack length, oq, in, 

(a) Bend specimen thickness, 1.0 inch (25 mm) 
width. 2.0 inches (51 mm). 


▲ Kq Based on acoustic indications 
o Excess plasticity 


Initial crack length, a 


Initial crack length, Og, cm 

ib) Bend specimen thickness, 0.1 inch {2.5 ^ 0 ^.-, 
width, 2.0 inches (51 mm), 

values as function of crock length for 4340 steel 
at 925“ F (769 K) for 1 hour. Conventional yield 
182 ksi (1253 MN/m^). [14] 




Crack length, a (mm) 

Ftgi 1;:Q? crock length for EN 31 



5 ■: 



^ Specimen thickness, B (mm) 

f\q. 2 10 Variation of apparent fracture toughness against specimen thickness 
for EN 31 steel gauge plate [17] 
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GHAP03ER - III 

EXPEBII/E NTAI, PROCEDIffiE 

Experimental v/ork consisted of producing fatigue 
cracks of varying lengths in specimens of different thicknesses 
in tvifo different steels, determination of load versus crack 
opening displacement (COD) data, crack tip ohservations and 
determination .of plastic zone size during fxactuie tests of 
pre-cracked specimens. A study on the stability of a single 
spherical hole in a lead -Tin alloy was also conducted. 

3.1; ; 

TV'fo materials (mild steel and 0.6^ C steel) v^rere 
selected for the purpose of this investigation. The compo- 
sition, grain size and the tensile properties of these 
materials are reported in Table 3.1. 

Lead-Tin { 30 %) alloy was used for hole growth 
studies in uniaxial tension. 

3-2; Ea tigue Pre -cra ck i ng; 

Beam type specimens of mild steel (242 mm x 50.8 mm 
X 25.4 mm) and 0 . 6 % carbon steel (242 mm x 29 mm x 25.4 mm) 
were prepared from the bulk of the two steels. Both mild 
steel and 0.6^ carbon steel specimens, thus prepared, were 
annealed at 600^0 for a period of 4 hours duration. After 
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the annealing treatmeiitj 45° charpy T-notches were made in the 
specimens. The details of notch geometry for the two materials 
are shown in Figures 3.'1 and 3.2. In order to remove any 
residual stresses from milling, all the specimens were further 
annealed at 250°C for 4 hours. The two side faces of the 
specimens were finished first by grinding with an abrasive 
Vv'heel and then using emery papers. Mirror like surfaces were 
thus obtained. Preparation of the surface, in this manner, 
was essential in order to make crack-tip observations and 
plastic zone measurements. Each specimen was fatigued in 
three point bend test by using a Servo -hydraulic pulsator in 
order to grow a crack ahead of the V-no tch. The maximum and 
minimum loads of the load-cycles are conti’olled during 
fatiguing. During fatiguing, the maximuim capacity of the 
hydraulic jack^. used was 7273 Kg, whereas the minimum load 
that could be applied v/as 800 Kg. Thus, during fatiguing, 
this minimum load of 800 Kg was maintained constant and only 
the maximum load vvas adjusted. 

At the beginning, the maximum load to be applied on 
the specimen was estimated from the measured fracture load in 
mono tonic loading. The maximum load applied on the specimen 
during fatiguing never exceeded 70% of the yield load. 

Stress Intensity Factors (SIF) for the maximum and minimum 
loads were calculated using the following well known 
expressions 
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^max 

S^nci ^ yrTl 

where 

■^in 

p 

max 

p . 

min 


P . S 

1^5 . Y ^ Ye. 

B . W"' 

1.5 . Y . fa 

B . W 

= I;Iaxiiaim stress intensity factor 
= lilinimum stress intensity factor 


= Maximum load 
= JiLirLmum load 


S = Length of support-span 

B = Thiclaiess of the specimen 

W = Width of the specimen 

1 

Y = A calibration factor 

a = Length of crack. 


(3.1) 


(3.2) 


Initially by talcing the depth of V-notch as the A^alue of a, 
the SIB was calculated based on Eq.n. (3.1) and (3.2). Once a 
small crack appeared on the tip of the V-notch, the effective 
crack length would be given by the length of . the V-notch plus 


length of crack appeared. 

Based on the values of and K^j_ji?a chart, for 

P loads that correspond to constant AK Yms prepared for 
max 

0.5 mm interval crack lengths. Accoraingly adjusted 

-GO maintain the range of stress intensity factor ( AK) 
constant, as the crack length increased progre ssively . Thus , 
while growing cracks in the specimens, A K was kept constant 
and small as for as possible. In this way, the size of the 



61 


olastic zone neax the tip of a grov/ing crack was controlled 
to the minimura possible level. The following AK values 

i 

were found to be suitable during fatigue cracking of the 
specimens ; 

(i) foi’ mild steel specimens 

= Kma^-K^n = 103 .34 - ' 22 .73 = 80.61 Kg 
(ii) for 0.6fo Carbon steel specimens 

= ^max " '"Wn 129.72 - 54.88 = 74,84 Kg mm"^/^ 

%,^sveral specimens v/ith varying cra.ck lengths over 
0.8 mm were thus prepared for this investigation. 

The rate of crack growth v\?as 9 to 10 mm per million 
cycles in both the materials. 

5 • 3 s Speci men Preparati on for fractu re Te sts s 

After removing the Y-notchj the samples v/ere further 
fatigued to obtain the final samples for fracture tes‘ts(T'igurG 3.3). 
lour sets of specimens were prepared for each material. In 
oa.ch set, keeping the thickness B constant, the crack lengths 
were varied from 0.80 mm to 12.9 mm. Thereby, in each 
material, for a constant thickness, at least five crack sizes 
'■'ould be tested. The range of thickness v/as selected from 
u inm to 25 mm. Bor convenience 3 mm, 6 mm, 10 mm and 25 mm 
thicknesses were tested in these materials. Crack lengths 
^’"ere measured wvith sufficient accuraejr with a travelling 
microscope before and after fracture, Figure 3.4 shows the 



62 


diagram of the specimens for -varying thickness. Arl the 
specimen surfaces were carefully polished over a zone near 
the crack -tip region for crack-tip observations as well as 
plastic zone size measurements . . 

^ . 4 ; Plastic Zpme, M easurement hy,. 

T echni gue_°. 

me plastic zone size measurement ly photoelastic 
coating techniaue consists of three stages: (1) preparation 
of photoelastio specimen for plastic zone measurement, (2) 
collecting data of fringe size measurement and C3) plotting 
of the plastic zone sizes from the observed data. 

A detaiaed dosorlptlon of the photoelastio analyser 
polailser, used for this experimeat, and the procedure for 
the measurement of plastic zone sizes are also presented. 


5.4,1 ; p-r_Ap?:).va.-hion_ of Pho toela stl^,_Sp_e5m-mn^ 

After repolishing of the two sides of the specimens 
with emery papers^ a thin sheet of photoelastic sensitive 
material PS-3B was cemented on one of the side faces of the 
specimen. This plastic sheet material PS-3B manufactured by 
Photoelastio Inc. was found to be suitable for post-yielding 
and crack propagation studies. This is fairly soft compared 
to other photoelastio plastic materials. It was thus easy 
to make a fine razor blade cut in this sheet material 
exactly coinciding with the crack line. Some of the 
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properties of PS--3B plastic have been listed in the Table 2.1.; 
I'or cementing this plastic coating on the specimen surface , 
Araldite was used. Some load was kept over the plastic after 
cementing it on the specimen surface and curing of 24 hours 
was adopted in order to have maximum strength between the 
metallic surface a?id the coated plastic. To remove any 
I'esidual stresses in the photoelastic coated material, 
specimens containing these coatings were annealed in an oven 
at a temperature of 60°C for 8 hours duration. Specimens were 
cooled in the oven itself so as to avoid the introduction of 
thermal stresses in the photoelastic coating material. The 
coated sheet v/as then examined for any undesirable residual 
stress fringes. The plastic coating was then given a fine cut 
with the help of a razor blade just to coincide v/ith the 
fatigue crack in the metal specimens. After that, fine lines 
were marked on the coating surface at different inclinations 
of 0°, 30°, 45°, 60°, 70° and 90° with respect to the plane 
of the crack on either side. 

3.4.2s Descrip tion of Photoelastic Ana l yzer s 

The analyzer, for photoela.stic studies, consists of 
polarizer and analyzer assemblies mounted on a common tripod 
stand. The analyzer has two colour coated scales for 
measuring the direction and magnitude of the difference in 
principal strains using Tardy compensator, A high intensity 
whi.-.s light source with built-in internal reflector is fixed 
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on to the polariaer assembly . A uniform field digital compen- 
sator model 232 is fitted to the analyzer assembly. This 
compensator v/orks on the null -balance principle and is useful 
for accurate measurement of fractional fringe order in the 
areas of high strain gradients. Digital records can be 
converted into fringe orders from calibration graph given in 
Figure 3.6, Figure 3.7 shows the photographs of Reflection 
polariscope and Digital compensator. 

A telemicroscope is fitted on to the tripod for 
examining details on the surface of the specimens. There is a 
provision for attaching a camera to the telemicroscope for 
taking photographs of isochromatics and isoclinics. 


3.4.3s Descr ip tion of t h e Procedure for the Mea surement of 
Plastic* Sonet 


The first and most important thing for the measure- 
ment of plastic zone is the determination of the number of 
digital compensator for the fringe order corresponding to the 
yielding of the material. For materials obeying Tresca’s 
yield criterion, the corresponding fringe order (II) can be 
calcul-ated using the following equation 


IT 



( 1 + V ) 


where 


f 

E 

V 


= Yield strength of the material 
= Fringe constant 
= Young’s modulus 
= Poisson’s ratio. 


(3.3) 



65 


The number on digital compensator for the yielding fringe 
order of mild steel and 0,6fo Carbon steel are 59 and 68 
respectively. The corresponding fringe orders for the 
yielding of the -bwo materials ai-e 0.22 and 0.41 respectively. 

A graduated eye-piece was used to measure the length 
of plastic zone size along different lines marked on the 
photoelastic coating material. While making the observations, 
the center line of the graduated ejre -piece 'was made to coin- 
cide with the line under observation, how, the predetermined 
number corresponding to the , fringe order for yielding of the 
material was set in the digital compensator. With the help 
of graduated eye -piece the length of plastic zone was 
measured along each line dravm at different angles. After 
m ak -j ng the measurement of the plastic zone at a certain load 
along each linSj the load on the specimen was further 
increased and the observations were repeated. This way 
plastic zones were measured at different loads. 

3.5: fractur e Test Pr ocedure ; 

A suitable loading fixture (Figure 3.P) was used 

for three point loading of specimens. The ratio of support 

span (S) to the width of the specimen (W) was kept at a 

constant value of 8 for all fracture tests. Three point 

bend tests were performed in a 5-ton Instron machine under 

(Figure 5.9) 

displacement controlled conditions^. The cross-head speed 
of 0.02 cm/min was selected for all the fracture tests. 
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Before fhe application of load, a clip sau-e was mounted on 
’ the specimen to measure the orach opening displacement. 

A clip-gauge (Figure 3.10) was specially made for 
this purpose hy mounting Roloit strain gauges on the four sides 
of a U-shaped spring steel sheet. The strain-gauges were 
cemented and dried lor 24 hours under a small load. The clip- 
gauge was calibrated before each test with the help of a 

mic r oipL8 *fc 8 r * 

The specimen, with clip-gauge mounted on it, was 
plao 3 d on a loading fixture for the application of load. Aa 
Phe speoit^en is loaded, the record of load versus Time was 
obtained from the Instron machine using a chart speed of 
2 crn/min. The orach opening displaoement was simultaneously 
recorded by using another recorder to which the output of 
the clip gauge was fed "through a strain indicator. Thus, 
from simultaneous recordings of load and clip-gauge displace- 
ment as a function of time, a load versus oraok-openlng 

displaoement graph was plotted. 

The oraoh-tlp region, for all the specimens, was 

examined under an optical microscope at various loads by 
interrupting the loading. Photoelastic plastic sone 
measurements were also carried out Intermittently. Oraok- 
tlp region was photographed at differeht loads in order to 
compare the behaviour of oraok-tlp at each load. These 
observations were repeated at various loads . 
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3.6; Spherical Ho le G-rowth Experiments in tension ; 

(a) Specimen Prep aration ; 

The Lead-Tin alloy was melted and cast in a mould 

to give a slab of 10 mm thickness. These slabs were then 

rolled to a thickness of 5 mm, finally, tensile specimens of 

required dimensions, as shown in figure 3.1.1>’vere prepared 

from this rolled material. The specimens were annealed in 

an oven at a temperature of 100°G for 24 hours, A steel ball 

indentation 

of 1.5 mm diameter Yras used to make a hemispherical J_ of 
0.75 mm radius in a tensile specimen. Tv'/o such 5 mm thick 
tensile specimens were glued together with Araldite to give 
one spherical hole of 1.5 mm diameter inside a 10 mm thick 
tensile specimen. Care v/as taken to see that the tvro hemi- 
spherical holes of the two specimens match v/oll without any 
offset in the process of cementing them together. 

( b ) Measur emen t of Yoid Q-rowth ; 

These specimens were loaded in tension in an 
Instron machine for different strains* 10%, 20%, 40% and 50% 
elongations were selected for this purpose. Although joining 
by Araldite of two specimens was not considered to be the 
best method of creating a void, no delamination of the 
joining faces was noticed in the range of nominal strain 
studied. The elongated shapes of the spherical holes were 
measured on the hemispherical surface by carefully opening 



the Araldite joint. The change in the dimensions of the 
spheroidal hole is measui^d with sufficient accuracy by 

4 

travelling microscope . 



Chamical composition and meclianical properties of 0.6^^ carbon and mild steel 
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TABl'E 3.2 

Properties of PS-3B photoelastic coating 

< 


K 

Strain-optic 

coefficient 


I 

! 

I 

I 

1 

! 

! 

f 

t 

! 

! 

1 

t 

± 


Maximum 


! 

! 

! 

! 

! 

t 


elongation 


Modulus of 
elasticity 


! 

1 

t 

! 

\ thickness 

{ of sheet 

! 

! 

I 

I 

f 

t 


0.02 


30 % 


20 Kg/mm^ 


2.0 mm 
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(Plan) 


ah dimensions in mm 


Diagram of mild steel specimen for fSroducsr!-^ 
fatigue cracks . ' ' ' 
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Diagram of 0.6 % carbon steel specimen f 
producing fatigue cracks. 
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ig. 3.4 Diagram of specimen with varying thickness B 
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Fig. 3.5 


Coating 

PS-3B 


Schematic diagram showing photoelastic 
coating on metal specimen. 
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Pig. 3.7; Photograph for uniform Pield Digital Oompensator.. 



.35 12.9 6B 27.9 , 22,') 









Pig.' 3.9; Photograph showing experimental set-up with 
Reflection Polariscope. Mild steel specimen 
is loaded in three point "bending in an Instron 
machine . 







Specimen 



■ Saddle shoes 


S , Clipgauge 

f Four K-5 rohit resistance 

\ wire, strain gauges resistance' 

f T' =120/1 gauge factor =2. 04 


g. 3.10-Crsp gauge to measure, C.O.D. mounted on three poirit 
bend specimen. 
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Hemi - spherical 
indentation 
(1.5 mm dia) 







{ Elevation ) 


(End vievif) 


( Plan ) 


Ail dimensions in mm 




Two such specimens glued together for one 
ductile fracture test specimen. 


Diagram for 5 mm thick tensile 
used for making ductile fracture 

specimen . 
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GHAPTER - lY 
'' RESULTS 

This chapter deals with the experimental results 
obtained on plastic flow and fracture of 0.6% Carbon steel 
and mild steel, A theoretical analysis on void shape insta- 
bility in an incompressible solid is also presented under 
uniaxial tension and pure shear loadings, which are further 
verified through experiments on lead alloy. 

4.1, Tests on 0.6 % Carbon Steel ; 

The ra.nge of thicknesses and crack lengths used in 
0.6% C. steel specimens is described in Table 4.1. All tested 
specimens fmctured in a catastrophic manner, irrespective 
of thickness and crack lengths. 

4.1.1; Specimens of 26 mm Thiclmess ; 

In this thiclmess, a set of six specimens with 
different crack lengths Ymxe tested. Load versus clip gauge 
displacement (COL) plots upto the point of fracture were 
observed to be linear for all crack lengths. A typical 
diagram of load versus CGL plot for specimen with 1.20 mm 
crack length is shown in Rigure 4.1. The crack -opening and 
the plastic zone size, for specimens of 25 mm thickness, 

Yfere found to be very small compared to the thinner samples. 
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4.1.2s Specime n s of 10 rma Thickness s 

Pour specimens with crack lengths 0.80, 1.70, 2.65 
and 4.70 mm were tested for tiiis tiiickness. All the specimens, 
except that of 0,80 mm crack length, exhibited a linear 
variation of load versus COD plot, Y^hercas a non-linear 
behaviour was the typical characteristic of 0.80 mm crack 
length specimen. The load versus COD plots for 1.70 and 
0.80 rtm crack length specimens are shown in Figures 4.2 and 
4.3 respectively. Figures 4.4 and 4.5 shoYY the photographs 
of the crack-tip region and the plastic zone at 650 Kg load 
of specinBii v/ith 1.70 mm crack length. From these figures 
it can be noted tha.t crack opening and the size of the plastic 
zone are very small even at the fracture load. 

4.1.3s Spec imens of 6 mm Thickness ; 

It was observed that specimen v/ith crack lengths 
2.50 mm (Figure 4.6) and 4.30 mm shoY/ a linear behaviour in 
the load versus CGF record, whereas in the case of specimens 
YYith crack lengths of 1.53 umi (Figure 4.7) and 0,94 mm 
(Figure 4.8) the load versus COD records are non-linear. 

For 2.5 mm crack length specimen, the size of tho plastic 
zone Y/as measured at various loads. It is observed that 
although the load versus COD record is linear upto fracture 
for this specimen, there is an appreciable size of plastic 
zone formation well beloY/ the fracture load. Figure 4.9 
shows the size of plastic zone plotted at different applied 
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loads for 2.5_ crack length. The plastic zone sizes for 
other specimens of this thickness Wei's measured. Plastic 

'4 

zone sizes at various loads for ,i.53, mm crack length specimen 
are shovm in Pigure 4.10. 

4.1.4° Spe cimens of 3 mm Thick n ess ; 

For this thickness, all specimens, except the largest 
crack length of 4.97 mm, showed a non-linear hehaviour in 
load versus CGD record. Figure 4.11 shows such plots for 
crack lengths of 4.97 mm. Figure 4.12 shows the photographs 
of the crack-tip behaviour at 140 and 250 Kg loads for 4.97 
mm crack length specimen. Such shoart cracked thin specimens 
shovf an appreciable amount of crack opening before catastrophic 
failure. The corresponding isochromatic fringes of plastic 
deformation at these loads are shown in Figure 4.13. Plastic 
zone sizes measured are presented in Figure 4.14. 

Figure 4.15 shows the load-CGP record for 2.30 mm 
crack length specimen. The crack-tip deformation at loads 
of 140 Kg, 274 Kg and 307.5 Kg for this specimen is presented 
in Figure 4.16. Figure 4.17 shows the plotted plastic zone 
sizes at these loads. Photograph of the plastic zone 
fringe at 274 Kg load is shown in Figure 4.18. The degree 
of non-linearity in load versus OGD plot is observed to be 
maximvin for 1.30 mm crack length specimen compared to other 

I 

samples (Figure 4.19). The crack-tip deformation of this 
specimen at 335, 400 and 412.5 Kg loads is shown in Figure 
4 . 20 . 
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Thus, the fracture test results of 0.6% C steel 
specimens are summarized as follows; 

All the specimens with 25 mm thickness show 
clearly linear hehawLour in load -versus COD record upto the 
point of fracture, whereas specimens ha-ving thickness of 10 
mm or less show a deviation from linearity, especially for 
short cracks. The degree of non-linear deformation before 
fracture is more for thin specimens with short cracks, 

4.1.5; Plas t icity Spread Along 0° and 45° Plane ; 

The spread of plastic zone along 0° and 45° plane 
with respect to the plane of the crack was plotted against 
the load for different specimens. Plastic zones along 0° 
plane versus records for 6 mm thick specimens are shown 

in Figure 4.21 whereas Figure 4.22 shows the size of the 
plastic zone along 45° plane at various a /a values. The 
change in plastic zone size due to load increase is gradual 
for all the speoimens of 6 mm thickness. Figure 4.25 shows 
the variation of the length of plastic zone along 0° plane 
against whereas Figure 4.24 shows the size of the 

plastic zone along 45° plane against' ff/a for 3 mm thick 

t/ 

specimens. The change of the plastic zone size is more 
abrupt along 0° and 45° plane for 3 ima thick specimens. 
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4.1.6s Effect o f Grack Length 
and Fracture StDresss 


Fracture fouglmess 


Apparent crack toughness (Kq) of a material has "been 
calculated using the following expression 


K = 1.5 . . Y . ^a 

B . 


(4,1) 


where B = the load at the onset of fracture 
S = length of the support span 
B = tliickness of a specimen 
W = width of a specimen 

n 

y = a calihration factor 
a = fatigue crack length of specimen 

Figure 4*25 shows the variation of apparent crack 
toughness of 0.6^ 0 steel wLth crack lengtn. Due to certain 
experimental difficulties , a perfect uniform crack length 
over the thickness was not possible to obtain in all the 
fatigue pre— cracked samples. The spread in the experimental 
points in Figure 4.25 represents the calculated values 
corresponding to average and maximum crack lengths. Apparent 
crack toughness (Kq) approaches a constant value of 150 
(Kg/mm^) Vmm when the length of the crack is sufficiently 
long# This asymptotic value of Kq is taken, as the plane 
strain crack toughness (Kj^) property of 0*6% carbon steel. 
The observed value of Kq goes up by either decreasing the 
crack length or by reducing the thickness or a combination 
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of both. A decrease in Kq value can be noticed if the crack 
length is too short. 

la three point bend tests, the nominal fracture 
stresses were calculated using the following expression 

CJfn = 1.5 . (4.2) 

B . Yr 


where 


P = the load measured at the onset of fracture 
S = length of support span 
B = thickness of specimen 
W = width of specimen . 


The fracture stress, which is equal to the nominal 
bending stress for uncracked beams, was plotted against 
crack lengths. Figure 4.26 shows the nature of variation 
for fracture stress of 25 nam and 10 mm thick specimens. 
Griffith's fracture stress, calculated on the basis of 
= 1 50 (Kg/mm )V^ is shown in Figure 4.26 by a dashed 
line. It was observed that for 25 mm and 10 mm thick 
specimens, the fi'acture stress versus crack length line 
coincided with the Griffith’s fracture stress beyond a crack 
length of approximately 2.5 mm. The fracture stress was 
found to increase continuously by decreasing the crack 
length in the caso of 10 mm thick specimens. For 25 mm 
thick specimens, the fracture stress was increasing with the 
reduction in crack length except for a very short crack. 
Similarly, plots of the fracture stress for 6 mm and 3 mm 
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thick specimens against the crack length are presented in 
Figures 4.27 and 4.28 respectiYely. From these plots, it is 
clear that the fracture stress keeps on increasing as the 
crack length is decreased. A further decrease in crack length 
causes the tendency for fracture stress to remain constant. 

For specimens which showed non-linear deformation before 
fracture, the stresses at the point of deviation from 
linearity (lEFM) , secant load and maximum loads as well 
as the corresponding Kq values were calculated and shown in 
the respective plots. Whenever there is a non-uniformity of 
crack length over the thickness, the two extreme values 
consisting of average and maxiinum crack lengths of the 
specimen has been considered for fracture stress and Kq 
calculations. 

4.1.7; Comparis on of Apparent Toughness Values Obtained by 
Dif f elre nt" Methods g ~ ^ 

Kq v8.1ues were calculated based on (a) Linear 
Elastic Fracture Mechanics (LEFM) SIF approach given by ASTM 

(b) Ir'W'in-McClintock’ s plasticity correction on crack length 

51 

(c) Equivalent energy method and (d) Critical crack opening 
displacement criterion. 

The Kq value was calculated by taking loads corres- 
ponding to 5^ secant, lO;^ secant and the maximum value from 
Equation (4.1). 

If the plastic zone size is small on the plane of 
the crack, compared to the length of the crack, a modified 
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crack length of a + taken instead of 'a' only. So, 

according to this method, the apparent toughness will he 

• I 

Kq = c . Y . Va + yp (4.3) 

where Yp is the size of the plastic zone along the plane of 
the crack. 

Table 4.2 shows the values of Kq calculated by the 
above methods. 

The a,ppareiit toughness, Kq, was also calculated 
ba.sed on the equivalent energy method introduced by DeWitt 
and further modified by Chell, Milne and Kirby. The total 
area under loa-d-COD di.agram and the area under the linear 
portion of load-GOD diagram were measured by a planimeter. 

So, the equivalent Kg from this procedure is given by 
apparent crack toughness for the maximum linear load 

1/2 

, To tal area, under load -001 diagram \ 

^ ^A.rea uiidor ~blie linear portion of load-GOD diagram'^ 

Cra.ck opening displacement (COD) values at the 
fracture load was obta.iried with the help of load-CGD plot. 

The- COD(S) was calculated from tho load-CGD plot using the 
following equation 

B,„ + COD + B 2 COD^ + B^ COD^ + B^ COD"^ = 0 (4.4) 

where 

B = 0.04271 CGD 
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= 0,09391 GGD - - 0.04271 

Bg = - 0,009313 GOD - 0.09391 

B., = 0,0003678 COD + 0; 0093 13 

3 ^ = - 0.0003678 

F. = Orack leagth 

2 = heiglrt; of the knife edge above specimen surface 

7/ = specime:.! ■width 


The apparent toughness is calculated from the GOB 
values using the formula 


and 


G--. = 0 6 — for plane stress 


On 


■Q 


oc cs 5 
y c 


for plane strain 


(4.5) 


■where K-, can be obtained from G-^ through Eqn. (1.4).- 
^ . Q 

Table 4.2 shows these calculations on apparent 

toughness by GOB and energy methods. 


4.2s llild Steel 


Mild steel specimens with four different thicknesses 
were investigated in this section. The rarge of thicknesses 
and crack lengths considered for this material is indicated 
in Table 4.3, No catastrophic fracture was noticed in any 
of the tests of this material. 



91 


4.2,1; Specimen of 29 mm Thickness ; 

In this thickness, seven specimens with different 
crack lengths were studied. Some typical plots of load 
versus GGD are presented. 

Figure 4.29 shov/s the load versus GG-D record for a 
specimen with crack length of 11,57mm, The deviation in 
linearity occurs around 650 Kg load. Figure 4-30 shows the 
deformed crack tip region at 300, 695 and 700 Kg loads. By^ 
increasing the load successiyely from 300 to 700 Kg, it is 
observed that the crack tip deformation is enormous and crack 
opening is significant. The iso chromatic fringe pattern at 
the crack tip corresponding to 700 Kg load is shown in 
Figure 4.31. The plot of plastic zone size, shown in Figure 
4.32 was measured at different loads for this specimen. 

Figure 4.33 shows the load versus CGB plot for the 
specimen with crack length of 4.45 nim. This specimen shows 
linearity upto 1290 Kg load, while the specimen was loaded 
upto 1600 Kg load. The plastic zone size was measured mostly 
in the linear range. Figure 4,34 shows the plot of plastic 
zone sizes at different loads. It is observed that the 
plastic zone sizes are small in the linear range. Similarly, 
Figure 4.35 shows the load versus CGD plot for a specimen of 
2.26 mm crack length. The plot of plastic zones measured 
at various loads is shown in Figure 4.36, while the fringe 
photograph at 1860 Kg load is presented in Figure 4.37. , 

The plastic zone is quite large and there is an appearance 
of even second order fringe for this specimen. 
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4.2.2: Specime ns o f 10 nm Thickness s 

Eight specimens in this thickness v/ere investigated. 
The load versus OGD plots for specimens with longest and 
shortest crack lengths have bdlon presented. Eigure 4.38 
shows the load versus CGD record for a crack length of 12.9 
mm which is the longest crack length in this thickness range. 
This specimen was loaded upto 277 Kg. Plastic zone size T/as 
measured at different loads. The plot of plastic zone sizes 
is shown in Eigure 4.39. The plot of load versus clip gauge 
crack opening displacement for the shortest crack length 
is presented in Eigure 4.40. It may bo noted from this plot 
that considerable increase in clip gauge displacement occurs 
without much increase in load beyond the point of deviation 
from linearity. 

The crack-tip deformation and the plastic zone 
fringe photograph for this specimen are shown in Figures 4.41 
and 4.42 respectively. Measured plastic zone sizes at the 
crack-tip for different loads are given in Eigure 4.43* 

4.2.3; Specimens of 6 mm Thickness : 

In this thickness, three plots of load versus 
clip-gauge crack opening displacement record have been 
presented., Eigure 4^44 shows the load versus clip gauge 
displacement for the longest crack length (12.5 am) for 
this thickness. The specimen was loaded upto 180 Kg load, 
whereas deviation from linearity in load versus CGD plot 
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occurred at 132 Kg load. The size of the plastic zone is 

ohsorved to he very small in the linear part of load versus 
OGD plot but in tho non-linoar range, it increased consider- 
ably. 4.45 shoves the plotted plastic zones at various 

loads . 

The plot of load versus clip gauge displacement (GGD) 
for 6.65 mm crack length specimen is presented in figure 4.46. 
Crack-tip deformations at various loads are shown in figure 
4 . 47 . As the load on the specimen is increased, more and 
more blunting of crack-tip is noticed. The observed fringe 
photographs for this specimen at 310 and 332.5 Kg are given 
in figure 4.48 whereas experimentally observed plastic zones 
at the crack-tip for different loads have been plotted in 
figure 4.49. This specimen has shovm 3rd order fringe at the 

maximum applied load of 332.5 Kg. 

The load versus OSD plot for a spooimeu of 6 mm 

thiokness and 5.78 mm crack length Is given in Sigure 4.50. 
Crack tip deformation at 330, 394 and 410 Kg loads is sho™ 
in Figure 4.51. At loads heyond the point of deviation from 
linearity in the load versus OSD plot, the craok tip defor- 
mation blunting and the resultant crack opening displacement 
are tho dominant features. A typical photograph of the 
Isochromatic fringe oorresponding to a load of 410 Kg is 
shown in Figure 4.52, even a third order fringe can 

be noticed. Ihe plotted plastic zones at various loads for 

this specimen are given in figure 4.53* 
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4 . 2 . 4 1 Speci mens of 3 Pan thickness : 

live specimens of varying crack lengths in the range 
of 12.85? 5.20 and 2.20 mm were tested in the categorjr of 
3 mm thickness. 

ligure 4.54 shows the plot of load versus, clip 
gauge crack opening displacement for the specimen with the 
maximiim crack length of 12.85 mm. Crack tip deformations 
at 70, 85 and 93 Kg loads and isochromatic fringes at 85 and 
93 Kg are given in figures 4-55 and 4.56 respectively. 

Plastic zones measured at various loads are plotted in Figure 
4.57. Belov/ the maximum linear load the measured plastic 
zone is small hut the size of the plastic zone increases 
considerably at higher loads. The load versus clip gauge 
crack opening displacement record for the specimen with 
crack length of 5.2 mia is shown in Figure 4.58. The crack 
tip observations at different loads are shown in Figures 
4.59. Ko crack tip deformation in observed upto the maximum 
linear load. However,, at higher loads, the crack tip defor- 
mation is seen to increase progressively (Figure 4.59). It 
can be seen from Figure 4.60 that at smaller loads, well 

within linear range , the size of plastic zone is small and 

o 

the plasticity spread is maximum along 45 plane. At higher 
applied loads of 130, 160 and 170 Kg, the size of plastic 
zone keeps on increasing and the maximum spread of plastic 
zones tries to shift from 45° plane to 30° plane of the 
crack. Further., an abrupt increase in the length of 
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plastic aone along the plane of the crack may also be noted 
when the load is increased from 13C Eg to 160 Eg. 

Figure 4.61 shows the load versus CGD plot for .the 
speciiaeii of shortest crack length of 2.20 mm. Unlike other 
specimens, the plastic zone is found to be relatiTel,y large 
even at loads smaller than maximum linear load. It is 
observed that there is a sudden increase in the size of 
plastic zone a-long the plane of the crack (Figure 4.62) when 
load on the specimen is increased from 190 Kg, to 220 Eg, 

The results of mild steer, specimens are summarized 
as f 03 J. 0 WS ; 

(i) All the mild steel specimens show extensive non-linear 
beha.vlour in load versus clip-gauge displacement 
plots, without showing any catastrophic failure. 

(ii) Specimens show a large plastic deformation at the 

crack-tip region along with heavy blunting at loads 
higher than the maximum linear load. 

(iii) The size of the plastic zone increases continuously 
with the increase of load on the specimen. But at 
loads near the maximum linear load, the increase in 
size of the plastic zone is abrupt. 

(iv) Thin specimens (of the order of 3 mm) exhibit a 

larger plastic zone size compared to thicker samples. 
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4.2.5 t Plasticity Sp read Alon^ 0° and 45° Plane s 

The plasticity spread along 0° and 45° planes with 
respect to the plane of the crach, for all the thicknesses 
of the specimens, v/ere measured against different stress 
levels. Figure 4.63 shows some typical plots giving the 
variation of the plastic zone size on the plane of the crack 
against different loads for various crack sizes in 10 mm 
thick mild steel specimens. It may be seen from Figure 4.63 
that the plasticity spread along the plane of the crack 
abruptly increases at some critical lead for all crack 
lengths. Similar behaviour is noticed for specimens of 
3 mm thickness (Figure 4 . 64 ). 

The plasticity spread along 0° plane for 25 mm 
thick specimens is smaller than the spread along the 45° 
plane. Figures 4.65 and 4.66 show the plasticity spread on 
45° plane against different loads for specimens of 25 mm 
thickness and 10 mmi thickness respectively. An abrupt change 
in plastic zone size at some critical load may also be 
noted here. 

Figure 4.6? shows the plasticity spread along 45° 
plane against different loads in the case of 3 mm thick 
specimens. 

Figure 4.68 shows the variation of plasticity 
spread on 0° plane against specimen thickness at a constant 
stress level for a given crack size of 5*20 mm. It can be 
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noted that the plasticity spread along 0° plane 
increases with the decrease of the thickness of the specimen 
for a given crack length and stress. Similar plot is shown 
in Figure 4.69 for a crack length of 2.20 mm. 

4.2.6s Eff ect of Gr ack length and Specimen Thickness on 
Maximu m Li near and Secant Shift Loads : 

Based on ASTM approach of the stress intensity 
factor, and (o 3 _^om. '^lending calculated for this material 
at the maximum linear load, 5% and 10^ secant shift loads. 

The variation of the stress intensity factor, Kp, 
against crack length is shown in Figure 4.70 for different 
thicknesses. This shows an increase in the stress intensity 
factor with a decrease in crack length from a constant 
asymptotic value for thicker sections over 10 mm. For longer 
crack all the tested samples of varying thickness show a 
constant value of the stress intensity factor. Lecrease in 
crack length causes a slight increase of the SIF values. On 
the contrary, with further decrease in crack length the 
stress intensity factor is seen to decrease for all the 
thicknesses . 

The asymptotic value is found to be around 103 
^g/mm^) yssr end this value has been taken as the ecLui valent 
to a "local Kp^”. 

The nominal stress was calculated from Eq_n. (4. 2) 
based on maximum linear load, 5% and 10‘^ secant loads. _ As 
there was no catastrophic failure or any fast crack growth 
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on the free surface upto 10% offset load, to ujiderstand the 

loss of the resistance to plastic flow at the crack tip, a 

stress 

Griffith’s type of apparent fracture/was calculated based on 
= 103 ( Kg/iMi^)&/YYa. 

Figure 4.71 shows the variation of nominal stress 
with crack length for 25 mm thick specimens. It can be seen 
that the nominal stress value increases if the crack length 
of the specimen is decreased. When the C 3 ?ack length is around 
5 mm, the nominal stress reaches the yield stress of the 
material. A further decrease in crack length results an 
increase in the nominal stress beyond yield strength of the 
material. For very short cracks the nominal stress at which 
an abrupt increase in plastic zone occurs, is found to 
approach a constant value. 

Figures 4.73 and 4.74 shorn the variation of 

the nominal stress versus crack length for 10 mm, 6 mm and 
3 mm thick specimens respectively. In all these three cases 
the observed nominal stress follows closely Griffith's type 
nominal stress. 

Table 4.4 shows values of Kq obtained by different 
methods based on ASTM, Irwin-McClintock' s COF, J-integral 
and equivalent energy methods. Figure 4.75 shows the load 
versus load point displacement record for the purpose of 
calculating the equivalent Kq by I -integral method. 
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4.35 Stud y on St aloility of Void Shape in an Incompressible 
Solid U nder U niaa cial gens ion and Shear ; 

Spheroidai cavities arfe commonly seen during the 
void growth and in ductile metals, fracture normally occurs 
by the growth and coalescence of such holes. The change in 
shape of such cavities depends on the nature of external 
app3.ied stress which causes the localized deformation of the 
void . The stability of a single deforming spheroidal hole 
is studied in this work, first theoretically, and then exper- 
imentally. The purpose of undertaking this study is to find 
how the strain in the equatorial plane of a prolate spheroid 
is accommodated when a remote pure shear field or a uniaxial 
tensile field is applied. The material surrounding the 
cavity is assumed to be an incompiessible elastic (rubber 
like) solid, (with Poisson's ratio = 1/2). In simple shear, 
a shape dependent instability of the spheroidal hole is 
observed for the constant volume mode of void deformation. 
Under uniaxial tension field, a pure torque will be produced 
in the presence of asymmetry or local disturbance, which 
could give rise a pure shear unstable deformation of the void. 

Pirstly, the deformation of a prolate spheroid is 

analysed under pure shear, secondly, at what stage a single 

spheroid would become unstable in uniaxial tension, and 

finally, these results are verified experimentally on a 

102 

lead-tin alloy. Using Eshelby’ s strain transformtion 
function, the maximum decrease in strain energy is found to 
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be at a particular prolateness j whereas applying Biot’s 
analysis an orthotropic incremental deformation of the cavi- 
tated material, a condition for tensile instability is 
obtai: .Ic- cl • These Lheoretical calculations agree favourably 
with the obser-vations of Orowan , Berra and Binnio and 
the present experimental study on lead-30% tin alloy. 


4.3.1; Three- Dim ensional Void Growth in Pure Shear Loading ; 

Bigure 4.76 shows a three-dimensional prolate sphe- 
roidal hole in an incompressible elastic solid which is • 
subjected to a remote pure shear loading. Due to the appli- 
cation of an external shear strain field e^^ at a large 
distance from the void surface, the shear strain produced on 
equatorial plane of the surface of a prolate spheroid, for a 
small strain is given by 


e 


T 

12 


1 - 2 S 


1212 


A 

3^2 


= Ye 


12 


(4.6) 


where y = 


1 - 2S 


1212 


shear strain accommodating factor, 


e ^2 is the shear strain on plane 1-2. Superscripts T R.nd 
A on e stand for transformed and applied shear strain respect- 
ively, In an incompressible solid, the Poisson's ratio 
is 1/2. Therefore, for a prolate spheroid 3-12-12 becomes 

2 ' 

®1212 = (t) [— hS.^{x(x2.1)V2 . cosh-’ X} - 2] 

■ X -1 (x -1)-^/ 


(4.7) 
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where x = a/e 

a = semi-major aod.s; ■ b = o = semi-minor aocls. 

For this particular material, the value of y lies between 5/3 
ano 2. Again, due to the creation of such spheroidal void, 
the decrease in strain-energy of the body per unit volume of 
the ca-'.h.ty is given by 

.2 

- E = ^ Y , X 

2G ' (4.8) 


Yfhere S - applied, shear stress at a large distance from the 
voia surface and G = shear modulus of the medium,- 

Therefore, we may regard Y as a measure of the 
extant to which the matrix is able to accommodate the shear 
strain transformation. In addition, it also describes the 
manner in which shearing strain energy is altered when the 


volume of a void remains constant during a pure shear 
deformation. 

Figure 4.77 shows tne nature of vaiiation for y 
as a function of a/c, where a and c are the semi-major and 
semi-nxuor axes of the ellipsoid. One can also plot the 
funcoion Y for an oblate spheroid as well, in the region of 
0 < a/c < 1 . It is interesting to note that, if the volume 
of the void remains unchanged during a pure shear defor- 
mation, then one could get a condition; 


A E 
A E 
E 


> 0 
< 0 


for 

a/c 

< 1.390 

for 

a/c 

> 1.390 

for 

a/c 

= 1.390 


0 


(4.9) 
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This gives a condition of instability for growing 
void ill an incompressible elastic solid undergoing small pure 
shear deformation. 

4 . 3.21 Thre e-dimensio nal Void Growth in Uni axial Initial 
Tension with Slig ht Imperfection or Disturbance ; 

A pure shear loading on a prolate spheroidal void 
can cause instability, which can be considered as equivalent 
to tension and compression at 45°. Again, it is known that 
an uniaxial tension is equal to a hydrostatic tension plus 
two 45° shears. This is obtained from the following tensor 
relations 
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( 4 . 10 ) 

Figure 4.78 shows a schematic diagram for the 
different stages of a void growth, which is typical in most 
materials . An oblate spheroidal void gradually changes 
its shape and becomes a spherical void at some stage of the 
growth. Any further applied nominal tensile strain normally 
causes the void to grow in the shape of a prolate spheroid, 
with its major axis parallel to the direction of applied 
tension.: The stability of such a prolate spheroidal cavity 
in a linear incompressible elastic solid is investigated in 


thi-s section 
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where e and ? are given in the Appendix A in terms of a/c, 
e and C are continuous functions of a/c without any maxima, 
minima, saddle or inflexion point. It is also seen fromi 
Eqns, (4.11) to (4.13) that in the piresence of a void the 
entire material is giving a directional orthotropic property. 
Depending on the -value of a/c ratio, the strain amplification 
on void surface could he fairly large, especially for an 
incompressible solid. Thus, it would be more appropriate to 
treat the entire material in orthotropic medium. Figure 4.79 
shows such an equivalent orthotropio continuum. The general 
theory for such a type of material has been developed by 
Biot. In finite elastic deformation, we will use Biot's 
notation , I 2 Q instead of e, 5 and Y (which were 
introduced for small strains). 

Lot = incremental elastic modulus of the entire 
matrix in the presence of a void, measured in the direction 
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of 1 (along major axis). 2^2 = incremental elastic modulus 
of the entire matrix in the presence of a void, measured in 
the direction of 2 (along minor axis)} and 2Q = incremental 
shear modulus of tne entire matrix in the presence of a void, 
when the tension is applied about axis 3 which will cause 
shear deformation in plane 1-2. 


In the presence 

strain laws are 

of an initial tensile stress, 

the 

- S 

= 2N^ 

®xx 

(4.14) 

^22 ” ® 

= 2^2 

e 

77 

(4.15) 

'^12 

= 2Q 

e 

xy 

(4.16) 


for an homogeneous ortho tropic elastic solid the equilibrium 
equations in three dimensions ares 
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(4.17) 


where , S . . 


incremental stresses and = rotational 


component, 1 = uniaxial initial tensile stress acting parallel 
to axis - 1 (i.e, along the major axis of the caTity). 

If one assumes a pl&ne strain deformation condition 
in ZI-Y (i.e, 1-2) plane , then the above equilibrium equations 
can be written as 
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The condition of incompressibility gives e + e ^ 
Writing the' displacements in terms of a single function 0 % 

and 


0 . 
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^ y 


V = P- 

3 X 


and then eliminating S from Eqn.(4.17) the differential 
equation becomes 


(Q + I) 


ax"^ 


+ 2(1 
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3% 
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Biot has considered the characteristic roots of this 
equation for the existence of hyperbolic type solution which 
gives instability in internal buckling. The characteristic 
roots are ; 


and 


where 


and 


= - m + - k^ 

^2 = -> - 

m = + I2 - Q)/(Q - |) 

k^ . =. (Q + T/2)/(Q - T/2) 
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In order to get a condition of instability, there 
must be at least a real root for ^ . So long as 2Q < T one_ 
gets four complex roots and there is no instability. As soon 
as 1 > 2Q two roots become positive real and the other two 
roots are still complex. Such satuation can be described as 
Biot’s internal instability of the first kind (for case three). 
Thus, an internal instability can occur v/hen the applied 
initial tension is at least equal to or more than the finite 
shear modulus of the material in the presence of a void. 

Biot's finite "slide modulus", 1 = T - 2Q, also becomes zero 
at this particular load (i.e. when T = 2Q). However, if one 
makes an assumption that in the presence of as^nametry and 
disturbance the "finite shear modulus of the material" is 
equal to the "sheai- modulus of the void" obtained by small 
strain theory, then in piano strain, the condition of insta- 
bility for a prolate spheroidal void in simple shear would 
be s 

T = C-y' (4.18) 

This means, in the presence of some disturbance or 
geometrical asymmetry of the void, when the applied uniaxial 
tensile stress exceeds G- y' there will be a shearing instab- 
ility of the void. Void v/ill try to rotate at this load to 
inc3?eas3 its shear resistance, but it cannot due to the 
alignment of its major axis in the direction of applied 
tension. Therefore, the void becomes unstable in pure shear 
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deforma'fci.on at this particular load. In this situation the 
principal aocis of strasses and strains can only rotate. 

This is analogous to Biot’s problem on torsional 
rigidity of a bar ur.der initial tensile stress. It can be 
seen that the resultant- body forces calculated from surface 
intograj-s w:l11 vanish over the cross section in each direction 
leavi.-y only a torq.uej provided the origin of the co-ordinate 
is located at the centre of gravit 3 r of the cross section. In 
this situation, in the absence of slide modulus, Saint- 
Tenant type of torque vanishes and the torsional rigidity is 
entirely due to the initial stress. Thus, at the onset of 
instability, the uniasciad tension produces a pure shear 
deformation of void in plane 1-2. The metastable void shape 
is shovm in BigU3?e 4. SO. 

'Thus, it is proved here, that (i) a prolate sphe- 
roidal hole inside an incompressible elastic solid can become 
unstable at a/b = 1.39 in pure shear field, and (ii) a prolate 
spheroidal hole would become unstable in uniaxial tension 
field it a/b = 2.3 for which the shearing resistance of the 
voj.d as maximum. 

Orowai?. and Berra and Binnie observed similar 
shape dependent instabii-ity of voids inside plastically 
yielded materials . 
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4.3*3° Expeidmeat a l O bservations on Spheroidal Hole Growth 
in Tension s " 

The change in the shape of an isolated spherical 

hole inside a lead-tin alloy is experimentally measured at 

different nominal applied strains . The most convenient way 

was found to measure the eccentricity ratio and the mean 

radius ratio of the prolate hole at different stages of 

straining, let the eccentricity m he defined as ~ 

where a and h are the semi-major and semi-minor axes, respect 

ively, and the mean radius ratio be defined as where 

2 ®o- 

is the original radius of the spherical hole. Rigure 4.81 
shows the eccentricity of the hole against the nominal strain 
and Rigure 4.82 gives the mean radius ratio against the 
nominal strain. Theoretical calculations based on McOlintock 
analysis and the experimental obser-vations of Perra and 
Rinnie on copper are also presented along with the results 
of the present investigation., Rigure 4.83 shows the 
photographs illustrating the changes in void shape at 
different nominal strains in the lead-tin alloy. 



Crack lengths for 0 . 6 % carbon steel three-point bend fracture test specimens 
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TABLE 4.3 

Crack lengths for mild steel three-polnt^Craoture test specimens (W = 25 mm) 
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Load , kg 



0.6 % carbon steel 
Crack length ; 1.20 mrn 
B = 28.71 mm 
W = 24.91 mm 


Clip gauge displacemer>t ; mm 


1 Load versys clip gauge crack opening dispii 
for Q crack length of, 1.20 mm and thickness 
mm in 0.6 % carbon steel specimen. 




oad , kg 



S/W = 8 


U ^ 

-H 

B 


Fracture' 


0.6 % carbon steel 
Crock length ; 1.70 mm 
B = 10.14 mm 
W = 24.58 mm 


1 


0.0125 0.025 

Clip gauge displacement , mm 


Load versus clip gauge crack opening dispfacerh 
for a crock length of 1.70 mm and thickness L 
m ®/o carbon steel specimen. 




Load , kg 



Fracture 


0.6 % carbon steel 
Crack length : 0.80 mm 
B = 10.15 mm 
W = 24.335 mm 
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Fig. 4.4s Photograph showing the crack-tip deformation at 
650 Kg i^/'^j = 0.68) for 0,6% carbon steel 

(Crack length = 1.70 mm, Ihickness = 10.14 nm.) 
( Magriif i cation ; 2 50X ) . 


Fig. 4.5t Photographs showing isochromatic fringe pattern 
at crack-tip in 0.6^ carbon steel at 650 Kg 
(o/a^ = 0.68) 

(crack length = 1.70 mm, Thickness = 10.14 mm). 




Clip gauge displacement , mriP 


4 6 Load versus clip gauge crock opening displocefne' 
: : for; Q crock length of 2.50 mm and thickness 5.99 

in 0.6 Vo carbon steel specimen. 



Load , kg 





0.6 % carbon steel 
Crack length : 1.53 mm 
B = 6.05 mm 
W = 24.71 mm 


0.025 


ning disblace>- 
im and thickness 
Decimen. 














Fig. 4J0 Experimentally observed plastic zone sizes 

at the crack tip for different loads meosured 
by photoelastic coating technique in 0.6 % 
carbon steel specimen with crack length 2.50 
^ 5.99 mm. 
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I'ig, 4.12; Photographs showing crack-tip deformations in 
0.6^ carbon steel at 

(a) 140 Kg = 0,46), Magnification: 250X 

(b) 250 Kg = 0.83), Magnification; 120X 

tJ 

(cra,ck length = 4.97 ™l, Thickness = 3.13 lom). 
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lig . 4.13: Photographs showing isochromatic fringe patterns 
at crack- tip in 0,6% carbon steel at 

(a) 140 Kg (c/cTy. = 0.46) 

(b) 250 Kg (c/Cy = 0.83) 

(crack length = 4,97> Thickness = 3.13 nm). 




Experimentally observed plastic zone ^ites 
the crack tip for different loads measured 
photoelastic coating technique in 0.6 % ca 
steel specimen with a crack length 4.97 r 
and thickness 3.11 mm . 





Fracture 


0.6 % carbon steel j 
Crock length ‘ 2.30 mm 
B - 2.72 mm 
W = 22.93 mm 


0 0.05 

"dip gouge displacement , mix 

4.15 Load versus clip gauge crack openir 
for Q crack length of 2.30 mm and 
in: 0 6 % carbon steel specimen 











250X 










25OX 






25OX 




■ _. ,-^j^ *--.- 




Fig. 4.16*. Photogr^hs showing crack-tip defonaations in 
0,6^ carbon steel at 

(a) 140 Kg (cj/o = 0.63), Magnification; 25OX 

(b) 274 Kg (cj// = 1.23), Magnification j 250X 

(c) 3G7.5 Kg = '1*38), Magnification: 2 50X 

(crack length = 2.30 mm, Thickness = 2.72 mm). 




— mm l-»- 
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iPig. 



.18; Photograph showing isochromatic fringe pattern 

at crach-tip in 0.6^ carton steel o.t 274 Kg 
(cr/o = 1 *23) 

(crack length = 2.30 mm, Ihickness = 2.72 mm). 


Load , kg 



0.6 ®/o carbon steel 
Crack length : 1.30 
B = 2.87 mm 
W = 25 mm 


1050 OiOO 

Clip gauge displacement, mm 

sus clip gauge crack opening displ 
ick length of 1.30 mm and thkkne 
.6 % carbon steel specimen. 





notograpris sno^^ixig orcAUiL-uo-p 
.6^ carbon steel at 

a) 335 Kg (0/0 =: 1.20), Magnification; 250X 

b) 400 Kg (^/®y = 1>4-4), magnification: 250X 

c) 412.5 Kg (0/^y =. 1.48), magnification; 120X 
crack length = 1..30 nia, Thickness = 2.87 ism). 




Plasticity spread along 0° plane, fp (mm) 



Crack Ungth 
1.53 mm 
2.50 mm 
4,30 mm 


(T = Applied stress 
ay = yield stress 


Plasticity spread along 45, plane, rp (mm) 




Plasticity spread along 0 pUi‘U' 










Griffith's fracture stress 
calculated based on 
Kjc = 150Ckg/mm^)Jmm 


10 mm thick specimen 


I 25 mm 
I thick ^ 
56 p specimen / 


47.2 kg/mm 


Fracture stress based on 
max. load for; 

o 25 mm thick specimen 
A 10 mm thick specimen 


Crack length , mm 


Plot bf fracture stress versus 
in 10 mm and 25 mm thick 0.6 /« 
speCinrtens. 









Griffith's frocture stress 
calculated based on 
Kic = 150lkg/mm^) Jffm 


cTy = 47.2 kg/mm 


Fracture stress based oa 
Maximum load 
LEFM max. linear load 
5 ®/o secant load 


Crack length , mm 




S/W = 8 


M/itd steel 
Crack length/ 
B = 22.48 mm 
W r 25,57 ^mm 


0 '/'■ , -t O-'iO ■: . . 

' '' Clip' gouge displacemen 

% 4.29 Lo,Qdtversus clip gouge crock opei 
for Q crock length of 11.57 mm ant 

mm in mild steel specimen. 


mm. 
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Fig. 4.30 ; Photographs showing the crack-tip deformtions 
in mild steel at : 

(a) 300 Kg = 0.24) j Magnification; 25 QK 

(h) 670 Kg {o/I = 0.54), Magnification; 25OX 
(crack length /l 1.57 nm, thickness = 22.48 mm) 

(continued on the next page) 
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Fig. 4.31s Photograph, showing isochromatic fringe pattern 

at crack— tip in mild steel at 700 Kg (cr/Oy = 0.57) 
(crack length = 11.57 mmy Thickness = 22.48 mm). 





P. kg 1 

cr/ cry ! 

":d 

700 

0.57' 1 

c 

695 

0.56 1 

b 

670 

0 54 I 

a 

650 

0.53 ^ 


1 l-*~- 
rnrr^' 















Mii 


Experimentally observed plastic zone sizes 

Qt the crock tip for different loads measured 

by photoelQstic coating technique in 

specimen with crock length 11.57 mm and th.ckness 

22.48 mm . : ; ■ 






Mild steel 

Crack length ; 4.45 mm 
B = 23.12 mm 
W = 25.52 mm 


0.625 0.05 0.075 

Clip gauge displacement 




3 Load versus clip gauge crack opening dispIQCfi 
for Q crack length of 4.45 mm and thickness 
mm in mild steel specimen 






p, kg 

cr / O' y ! 


1400 

1.11 

e 

1300 

1.03 : 

d 

1140 

0.90 i 

c 

1100 

0.87 i 

b 

1090 

0.86 * 

a 

1080 

0.85 






1 r 

mm 



b 

W 


Experimentolly observed plastic zone sizes o. 
the crock tip for different loads measured bv 
photoelQstic coating technique m mild steel 
specimen with crack length 4,45 mm and 

thickness 23.12 mm. 





Mild steel 

Crack length : 2,26 mm 
B = 23.6 mm 
W = 25,6 mm 


0.05 
Clip gauge 


e ’ 18( 
d 17f 



Experimentally observed plastic zone sizes Q 
the crack tip for different loads measured bi 
photoelastic coating technique in mild steel . 
specimen with crack length 2.26 mm °nd: 

thickfiesS' 23.6 mm. ■ -V: 
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cr / cry 

e 

257.5 

0.46 

1 d 

i 

1 

1 c ' 

1 b 

235 

190 

I 150 

0,42 

0.34 

0.27 

! Q 

i 120 

1 0.21 


< 1 




Load , kg 



Mild s 
Crack length : 
B = 10.36 mm 
W = 25.49 mm 


0.025 0.050 

Clip gauge displacement , mm 

5 clip gauge crack opening displacement for 
mth of 2 3 mm and thickness 10.36 mm in 
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Fig. 4.41s Photographs showing the crach-tip deformation 
in mild steel at 

(a) 698 Kg (o/Oy = 1.23), Magnifications 2 50X 

(b) 770 Kg (o/Cy = 1.36), Magnifications 250X 
(crack lengtk = 2.3 mm, Thickness = 10.36 mm). 



Photographs showing isochromatic fringe 
patterns at crack-tip in mild steel at 

(a) 698 Kg (o/Oy = 1.25)? 

(h) 770 Kg (o/0y = 1.36)? 

(crack length = 2.3 bhu? Thickness = 10. 






Mild steel 
Crock length 
B = 5.91 mm 
W = 25.52 mm 


0.20 0.30 U,- 

e displacement, mm : 

igc crock opening displacement 
d 12 5 mm and thickness 5.91 



4.45 Experimentally observed plastic zone sizes 

different loads meosured 

by photoelastic coating technique in mild stee 
with crack length 12.5 mm and thicki 




S/W = 8 


Mild steel 

Crack length ; 6.65 mm 
B'= 5.92 mm. ' 

W = 25.52 mm 


0.125 

Clip gauge displacement . mm 


.46 Load versus clip gauge crack o 
for a'crack length of 6.65 mm 
mm in mild steel specimen. 




Fig. 4.47; Photographs showing the crack-tip deformations 
in mild steel at 

(a) 240 Kg ( Magnification: 250X 

(b) 310 Kg (cr/cr^ = G. 96 ), Magnification: 250X 

(c) 332.5 Kg(cj/y = 1.02), Magnification: 120X 
(crack length- = 6,65 dei, Ihickness = 5.92 mm). 






Experimentally observed plastic zone sizes 
at the crack tip for different loads measur 
by photoelastic coating technique in mild” s 
specimen with crack length 6.65 mm and thic 
5.92 mm . 




3UU r' 


450 



— s -- 

S/W = 8 
" f 








■'25,0 


200 r- 


100 '-" 


1 

c. 

1 '•fc# / 

1 c; 

O; 

■ iJ: 

1 ti. 

Hi/ 

1. u 


1 & ' 

/ 

/ ; o'’i 

^ o 




V) 





Mild steel 

Crack length : 3.78 mm 

B = 5.9:1 .'mm ■. . ' ■' 

W = 25.47 mm 




0 0.125 

Clip gouge displacement, mm 

Load versus clip gauge crack opening displace' 
for a crack length of 3.78 mm and thickness I 
mm in mild steel specimen. 
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Pig. 4.52: Photograph, showing isochromatic fringe pattern 

at crack-tip in mild steel at 410 Kg = 1*27) 

(crack length = 3.78 mm, Thickness = 5.91 mm). 



4.53 Experimentally observed plastic zone sizes at 
the crack tip for different' loads measured by 
photoelastic coating technique in mild steel 
- specimen with crack length 3.78 mm and 
thickness 5.91 mm. 




Mild steel 
Crack length 12i 
B = 3.22 mm 
W = 25.46 mm 


0 0.05 0.10 0.15 0.20 0.25 0.30 

Clip gauge displacement, mm 


Load versus clip gauge crack opening dispi 
for a crock length of 12.85 mm and thlckne 
mm in mild Steel soecimen . 




■ograpns showing the crack- tip deformati 
o-ld steel at 

70 Kg (c/cr^ = 0.40), lagiaification: 25' 
85 Kg = 0.48), Magnification: 25 
93 Kg (h/Cy = 0.53), Magnification: 12( 
ck length = 12.85 mm, Thickness = 3.22 ] 





Photographs showing isochroinatic fringe patterns 
at crack:-tip in mild steel at 

(a) 85 Kg (o/Oy = 0.48) 

(h) 95 Kg (o/ay = 0.53) 

(crack leng-uh = 12.85 ima, Thickness = 3*22 ram). 








Clip gauge displacement, mrn 


4.58' Load versus clip gauge crack opening cjisplacement 
for a crack length of 5.2 mm and thiekness 3 mm 
in mild steel specimen. 
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250X 


(b) 


250X 


(c) 


120X 


Fig. 4.59: Photographs showing the crack-tip defonnations 
ill mild steel at 

( a ) 1 3 0 Kg ( a/o^ = 0 . 79 ) , Magnification i 2 50X 

(b) 160 Kg (o/cr^ = 0.98) , Magnifications 250X 

(c) 170 Kg (a/a^/= 1.04), Magnification; 120X 

(crack length = 5.2 mm, Ihickness = 3 mm). 






itii 






Expenmerj tally observed plastic zone 
at the crack tip for different loads ms 
by photoelastic coating technique in m 
specimen v^ith crack length '5.2 mm -a 
thickness 3.0 mm. 






S/W= 8 


/ ' ^''' 

/ t?' 

' of <b: 

o/ ^7/ 

Q// 

V e 


Mild steel ; ' :' . , '', 

Crack length : 2;2Q''mro 
B = 3.17 ; ,' ' ,', ■' 

W = 2 5.4! mm 


^llb 

ii^— g 


0^050 -0.075 0.10Pr:/vtV-> 

' Clip gauge displacement , mrh": , 

versus clip gauge crock opening' .dis'picic?:'e'iti', 


crock length of 2.20 mm ond thickness 
d steel specimen. 














'CT'.s, Applied stress 


Crack length 

'2.3 mm 
3.5 mm , 
5.95 mm 






,4i63 ' plastic zone size measured on the-^^pl 
"V ''''crack ' at different loads for vario'Os:':.- 
in 10 mm thick mild steel specimeris 







{mm} ' ayo|d iuofO poajds Aipusoid 






mam 







Tjj on 45^ plane 


:. , '''''':;.,v;" '; '' , A 
"' ' ■! ''", ’ 0 






Crock length 
2. 26. mm 
7.7 mm 
11'.57 mm 


a z Ac:-.:e: £"' I ££■ 


cry = 




4.0 r 






cr /cfu 


Fig. 4.65 ' Plastic "2one size .measured on 45' ■; plopf' :';C 
crock ot different loads for 25 mm thick 
steel specimens . 


^ ' ' '' ' ' '' ' 

^.S||il|lilJil^ 






Fig. 4.67 Plastic zone size measured on 45“ 
crack at different loads for 3 mm 
steel specimens. 







Plasticity spread along 0° plane 


r., on 0 pione 


2.0 ^ 



cr = Applied stress 
cr„ = Yield stress. 



or/cr^ 

0.9 

0.95 

1.0 


5 , ' 10 ; ' 15 

Thickness . mm 


, 4.68 Plot of plastic zone si.ze measur.ed 'oiong' lihe' 
/ plane', of 'the crack against thickness', Pt m^ld 
'^'Steel specimen with crack length' 5.20 mm . 









r. on 0 plane 


O' = Applied stress 
cTy = Yield stress' 


Thickness . mm 


Fig. 4.69 Plot of plastic zone size meosured along the 
plane of the crack against thickness of mild 
steel specimen with crock length 2.20 mm . 



Stress inten s i t y Iqc tor 


25 mm 



: No.: Specimen thickness 

■ ' ' 1 ' 25 mm ' ' ' ; ' " 

: " , "■ 2 ; 10 mm ' - 

^ K.,coH nn- 3 6 mm 

Kp based on . ^ 2 

10 % secant lood ^ t-, , , , 

5 % secant load ■ ' , ■' ' . , ' 

LEFM'max. linear load '' , , ■' 




Crack length 


Calculated' stress .intensity factor based'.oh 
maximum linear load (5 % and 10 % secaht 
shift loads) for mild steel specimens. 






103 {kg/mm )7mrn 

y/o 

f (q/W) 

Crock length , 
Width of specimen 




cfu t '25.6 kg/mm' 


Nominal stress based on 

10 % secant load 
LEFM max. linear lood 
5 % secant load 


' ' ' Crack length , mm^ 

Plot of nominal stress versus crack 
25 mm thick mild steel specimen. 
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pig. 4.78 Schematic diagram showing cavity growth in lihiaxidt 
tension loading (a) single-facet groin - bpundory void 
(b) oblate - spheroidal shape void, (c) yoid in Iht 
shape of a sphere, (d) prolate spheroidal void with 
major '^axis'' parallel to tension direction,;'; ie ) critical 
shape of void at the onset of shear instability. 
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lig. 4,83; Photograph showing the changes :m "TOid s-hape 
at different nominal strs.ins (a) 10% (h) 20/a 
(c) 40% (d) 50%. 
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CHAP[EEE - Y 

. i 

DISCUSSIQF 

Prom the results of this investigation it laay be 
seen that, 0.6^ carbon steel an! nild steel represent t^7o 
different kinds of fracture behaviour. On one hand, 0.6^ C 
steel fractured in a brittle zaamier with a slight amount of 
crack-tip yielding particularly in thin sections with short 
cracks. On the other hand, mild steel exhibited considerable 
crack- tip plastic flow without any fast fracture even in the 
heavy sections with longer cracks. In this v/ork, firstly, the 
effects of specimen geometry on crack-tip yielding and fractura 
toughness are studied for 0.6% carbon steel, and secondly, the 
crack-tip plastic flow has been investigated in relation to 
the specimen thickness and crack-size in mild steel. These 
aspects on plastic flow and fracture of steels as well as the 
shape dependent instability of a, single spheroidal void on an 
incompressible medium are discussed in the following sections. 

5.1; Fracture of 0.6% Car bon Ste al Specimens ; 

From the literature review it is clear that the 
validity of a toughness test depends on the specimen thick- 
ness a^'id crack-size . The effects of these two parameters on 
the crack-toughness and associated plastic flow are studied 
in 0.6^ C steel laboratory specimens. All the specimens 
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tests d in thi-s material fractured catastrophically with ’ 

practically no slo?r stable crack growth. EoweTcr- when the 

* * 

fracture stress is of the order of the yield strength of the 
material, • the plastic defonmtioii at the crack- -cip is found 
to be appieciable. For this material, the increase in compli- 
ance is mainly due to the plastic deformation at the crack-tip. 
The plastic zone size increased as the crack length is 
decreased or the thiclmess is reduced. The fractuia stress 
for more than. 2 mm crack-size agrees favourably with Griffith’s 
value giving a constant = 150 (Kg/mm )V^ for 10 and 25 mm 
thickness beams. For these thick^aesses , when the crack length 
is in the order of 1 mm, the obserred fracture stress is seen 
to bo slightly lower than the Griffith’s predicted value. 
Hov/ever, for 3 mm thickness beams v/ith crack-size less than 
4 mm, the fracture stress is seen to be higher than the ideal 
Griffith's franture stress value, 'uhen the crack length is 
very small, i.e. in the order of 1 mm or so, the fracture 
stress approaches to 1.5 times the yield strength of the 
material especially for 3 mm rhiokn-ss beams. Thus, in Figure 
4.25, the apparent toughness of the mater j.al initiaJ.ly 
increases with the decrease in crack length upto some relue 
and then if the crack length is further reduced the apparent 
toughness decreases considerably .iven below the value 
of the material. Thus, for short cracks, the effects of 
crack-tip blunting and plasticity spreads havo changed the 
crack-tip geometry to a notch, wixi.ch has effectively produced 
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a notches trengthening , When the crack length is in* the 
range of 1.5 to 4.0 noi in a 3 am thickness beam the notch 
effect is quite e-vident. for 3 mm thickness , the plasti- 
cally yielded zones are considerable , and they are of the 
order of the crack size near the fracture load. This indi- 
cates that there is a considerable deviation from an ideal 
plane strain situation. The increase in measured plastic 
zone is an indication as to v/hy the toughness increases in 
thinner samples . The crack-tip observations also indicate 
appreciable crack-tip blunting and plastic flow in thinner 
samples leading to an increase in toughness over the thicker 
specimens with longer cracks. Hov/over, these crack-tip 
observations did not indicate any slo?/ stable crack growth 
in this material. 

ASTM recommends that a ^ 25 inm and B >. 25 mm for 
a valid test for this material, figures 4.25 to 4.28 
show, for 25 mm thickness beams a crack size of 3.5 mm would 
be sufficient for a valid test. If one reduces the thick- 
ness to 3 mm, a crack length of 5.0 am would still give a 

valid K- for this material. Hence, for 0.6% G steel in 

■ 2 ' 

25 aan thickness beams, a >.0.35 (Kj^/o’y) would be adequate, 
whereas for 3 mra thickness beams a >.0,50 would 

be sufficient for a valid test. Thus, it is seen from the 
above results that ASTM recoitmBndations are some', That over- 
estimates by a factor of 5 to 7 for this material. 



199 


The plastic zone size on the crack extension plane 
measured on the surface of the specimen near the onset of 
fracture was found to be around 30 % of the ciack length for 
a specimen with a = 5 mm and B = 3 mms whereas, the plastic 
zone size was of the order of the crack length for shorter 
cracks. This means, the plane strain approximation holds 
good ewen for specimens of 3 mm thickness with <n?ack size 
longer than 5 mm. In this tliickness range, as the crack size 
decreased, the deviation from plane strain towai'ds plane 
stress was more evident. In order to obtain a fully plane 
stress situation, it is necessary to reduce the thickness 
further. 

It was not possible to measure the max i m om local 
stress elevation below the crack-tip which would have given 
better insight into this problem. 

Finally, GOB method v/as applied to short cracked 
thin beams to estimate the apparent toughness, wherever the 
deviation from linearity was ccnsaderable . Figure 4.19 shows 
a large non-linear behaviour in load-OOB record before 
fracture, with a sizeable amount of plastic flow near the 

Q 

tip. Kq based on COB gave a value of 199 (Kg/mm )Vm for 
a crack size of 1.30 mm in 3 ami thickness beams. On the 
contrary, the SIF method underss'Gimated the toughness value 
as 155 (Kg/mm )fmm at the highest load. In such a situation, 
the toughness calculated based on SIF alone may not give 
an accurate value, whereas COB method gives a closer 
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approximation to the actual to j-ghnoss^. Thus, the apparent 
toughness of short crashed beams based on SIF approach 
mentioned in Figure 4 .25 would be inappropriate and the 
apparent toughness "values calculated b^?" OOP method ^"ven in 
Tab3.e 4.2 would be more representati’'e . In the case of short 
ciaoled thin beams, due to erach-^ip yielding the ideal plane 
strain conditj on would be diffieul-t to maintain and the 
fracture could take place with sou® crack- tip opening but 
not as high as the p'lane stress COP -value . In such a si-feua- 
tion, if a simple plar.e sti'ess approximation is mad.e in 
estimating the toughness by COP method, it may lead, to a 
lower value of toughness. Thuo; in the case of short cracked 
6 mm thickness spec hx- ns, SIF ■.;!' OOP method may not give an 
accurate measure of Ire tcagiuiess . The plastic zones 
obser-^ned ir. Figures 4.21 and 4.23 indicate xhat in 3 inm 
thickness beams the plastic flov." and crack tip opening ware 
considerably larger than 6 mm thick specimens. Table 4.2 
shows that the toiighnasB calculated by plane stress GOP 
methec gave larger values for such cases.. 


From the above discussion it is clear tiiritj the 


ASTM recommendations e,re too conser'.’a.tive, which is also 

‘it 14 

emphasized by Cottrell and langstone Jones and Brown 
i 7 R 

and many others ’ , The measured plastic zones on the 

piano of the crack were feurd to be less then the theoretical 
plane strain plastic zone siz-^ of 0.53 mm = (-^y— ) 


for specimens of 1 e ss than 


y 


"bhiOiOiess. Hence, for 
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25 nm, 10 im and 6 nsa thick specimens, fracture occurred in 
plane strain condition with a high local plastic constraint. 
If one uses = a 0 ^ 6 ^ in calculating the plane strain 
fracture toughness based on GOD criterion, o- was found to be 
around 1.4 in the case of 6 ma thick beams with crack size 
upto 1.53 inm length. 

Applying Irwin-McClintock's plasticity correction 
on crack length, the toughness calculated for a crack size 
of 4«3 mm in 6 mm thickness beams, was seen to be in agree- 
ment with the value of the material. On the contrary, 

SID approach, without plasticity correction, gave a slightly 
lov/er value . 

lEEM approach was thus found to be adequate in most 
of the cases studied, except for very thin or short cracked 
beams, where some crack-tip yielding was visible. Unless 
the specimens are thin enough to get a complete plane stress 
yielding situation, a simple COD method may not give a 
measure of the toughness. Specimens less than 3 mm thickness 
might be required to get such a situation in this material. 

5.2; Grack-tip Plastic-flow in Klld Steel SpeciaKns ; 

Brittle fracture of mild steel can take place if 
the triaxial plastic constraint is sufficiently large, which 
means, a high local normal stress elevation below the notch 
root in mild steel would be required to have a fast picpaga- 
tion of crack. However, in most of the structural components. 
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it is not always possible to maintain such a high degree of 
local plastic constraj.nt near the crack-tipj mainly due to 
the inadequacy in thrLckness requirement in low strength 
materials, such as mild steel. Ihe other extreme is seen to 
be the ductile behaviour in mild steel thin sheets, v/here a 
plane stress condition prevails with significant plastic flow 
ahead of the crack-tip. fhere exists an intc-rmodiate range 
of thickness in y/hich crack-tip plastic flow will be associated 
with a slow stable crack growth before fracture. Thus, 
fracture behaviour in materials like mild steel would be 
highly sensitive to the specimen thickness. For a fast 
brittle fracture in mild stool, not only a high plastic 
constraint is required but also the plastic zone should be 
small compared to the crack size, thickness and other 
characteristic dimensions. Hence, the nature of ciack-tip 
flovr and fracture would be very much dependent on the crack 
size as well. The present experimental results on the effects 
of thickness and crack size on crack -tip plastic flow for 
mild steel are examined in this context. The thickness 
range investigated in this woiic was from 3 mm to 25 mm, and 
even in the maximum thickiivjss, it was found to bo inadequate 
to paxiduce a fast fracture. 

The load -GOD records of pre-crackod mild steel 
beams show initially a linear behaviour, and then suddenly 
an increase in compliance was seen to occur in all samples. 
Further loading caused a largo crack opening dispi.acemcnt 
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at almost a coiastant stress le-vsl witii considemtle plastic 
flow near the crack-tip. In all samples a rapid change in 
the compliance was observed either at the maximum linear load 
or near 5^ secant shift load, Therefore, careful observation 
on plastic flow and the yielded zones were made in this 
region upto around 10^ secant shift load through photoelastic 
coating technique. 

The photoelastic measurements of the plastic zone 

formation reveal that for 25 mm thickness beams, an abrupt 

plastic flow occurs along 45° plane (with respect to the 

plane of the crack) irrespective of the crack size. This 

means- a high localised plastic flow along 45° plane in 

preference to 0®-plane has caused a loss of resistance to 

crack- tip plastic flow. For 25 mm thickness beam with 11.57 

mm crack size, this abrupt plastic flow along 45° is seen 

to occur around a nominal stress of 0.56 cr whereas this 

J 

hap pended around 1.35 ^ on the same plane in the case of 
2.26 mm crack length. In the case of long cracks in 10 mm 
thickness specimens, the abrupt plastic flow was seen along 
45° plane, but for short cracks of the order of 2.3 nats 
the abrupt flov/ was more on the 0° -plane. This behaviour 
is different from 25 mm thick specimens, 6 mm and 3 lan 
thickness specimen also behaved in a similar manner. When 
the crack size was in the, order of 12 mm in 3 thickness 
beams, an ab3U.pt plastic flow was seen to be along 45° plane, 
whereas, for crack size shorter than 5 *2 mm the abrupt flow 
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was predominantly along the plane of the crack. This 
heha-'/iour is also e-'.d.dent from Figures 4.63 to 4.67. As the 
loading increased further, c;’ack opening as well as laige 
crack-tip plastic flow was predomi?iant . Figures 4.43 and 
4,62 show the tendency towards a fully plane stress deforma- 
tion for short cracks. On the contrary, Figures 4-68 and 4.69 
show that the plastic zone sizes incxea.se considerably by 
reducing the thickness of the beam at any given nominal 
stress and crack size. 

It is apparent from the aboTO results that the local 
normal stress build-up was not sufficient enough to cause 
any crack nucleation or extension, but an abrupt plastic 
flow either on 0° or 45° plane might result in micro-TOid 
formation ahead of the tip. Such abrupt plastic flow is 
commonly seen in ductile fracture of metals due to large 
shear strain localization around a thin non-deforming layer 

QA 

of material ' , 

An approximate plane strain situation prevailed 

below the tip region in 25 mm thickness beams at less than 

5% secant shift load and through thickness flow was negligibly 

small, in this region. As no micro-cracks were visible or 

any ci'ack extension was noticed along 0° plane, one might 

consider that the deviatoric part of the stress tensor was 

not sufficient enough to cause the yielding in the plane of 

39 

the crack. In a recent work, Deysarkar and Bandyopadhyay 
proved that local strain can build-up ahead of a crack liloe 
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notch either or 0° or on 45" plane for a plane strain defor- 

ino.tion. The local jump In shear strain-darivatiTC could be 

fairly large along 45° plane for a plane strain situation. 

Whereas the radial strain denvatire suffers a dlscontraulty 

on 0°-plano ahead of the notch-root for an elastic-plastic 

material. Ihus, from the above analysis it is clear that 

in a matorial like mild steel which is weak in shear, an 

abrupt plastic flow should take place along 45° planes in 

long cracked thin beams or in thicker section beams. The 

present observations are in agreement with these theoretical 
predictions. 

The present enporimontal observations on mild steel 
cracked beams have shown an abrupt flow localization ahead 
of the notch root well before the onset of crack extension. 

It Is also known that a critical plastic stiain (l.e. a 
critical COD) needs to be attained at the onset of crack 
extension on the notch surface. The present experiments 
show that an abrupt flow localization takes place within 5 % 
secant shift lead either on 0° or 45° plane depending on the 
constraint. This means, the local plastic constraint is 
abruptly released leading to a sudden increase In global 

one oeam. m this region of load-GOD diagram, 
the crack-tip remains relatively sharp as well. Unlike 0.6^ 
carbon steel, the plastic zone extended abruptly instead of 
the crack extension. Hence a simple SIl approach should be 
applicable xor analysing the loss in resistance to plastic 
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flow of the crack-tip in relation to specimen thickness and 
crack size , 

As the size of the plastic zone usually reflects 
the condition for plane strain deformation at the crack-tip, 
the load at which an abrupt flow occurred can be assumed to 
be a sudden loss of local plane strain constraint. Thus, an 
ordinary Griffith's type of energy balance approach seems to 
be applicable based on plane strain defornation. This permits 
to make an assumption that the abrupt local loss of resistance 
to plastic flow will occur at a critical stress intensity 
factor. Accordingly, a critical stress intensity factor, 

Kp^, based on the loss of resistance to local plastic flow 
is proposed. This new parameter which characterises the 
local plastic instability has been studied as a function of 
specimen thickness and cxack size. 

The -values of stress intensity factor (K^) were 
calculated for different thicknesses and crack sizes in mild 
steel, based on the maximum linear load, 59^ and 10^ secant 
shift loads, figure 4.70 shows for very short cracks, K 

Jr 

values are low for all thicknesses and then increase gradually 
as the crack size gets longer. In these observations, there 
is a tendency to approach a constant value, which is appro- 
ximated as 103 Kg mm'"^'^^ for the critical Kp^. Analogous 
to Griffith’s fracture sire ss theory, the apparent nominal 
stress at which abrupt local plastic flow takes place, 
agrees with the calculated -values other than for veiy short 



207 


cracks.- Whan bhe crack size is less than 2 ran in this 
material, t ha nominal stress is seen to be lower than the 
estimated TaJ,ues. This behaviour is similar to the apparent 
fracture toughness variation due to crack length in 0.6^ 
carbon steel. 25 mm thick mild steel specimens with short 
cracks beha~?ed 15.ke notched beams, and the effect of crack- 
tip blunting for short cracks was catling the deviation from 
ideal plane strain assumption. 

The abrupt shear flow did not take place even upto 
1 .4 Oy. in short cracked beams maintaining a linear load-COD 
relation. This beha-/j.our is indicative of notch strengthening 
effect in mild steel similar to that observed in 0.6^ C steel 
specimens. Although, it was not possible to calculate the 
local pla.stic constraint factor, the gross consti-aint factor^^ 
is calculated to be of the order of 1.5 on the basis of net 
ligament section (W-a). 

Table 4.4 describes the comcarison be'kveen K values 

P 

obtained b^f SIl approach and other equivalent standa.rd methods. 
Kp based on more than 5/5 secant shj.ft load, loses its meaning 
because of i.argo crack-tip blunting. However, Iirnn- 
McClintook's pla,sticity corrected crack length v/ould yield 

a better result. An equivalent K value was also caAculated 

P 

based on crack opening displacement. For 3 mm, 6 ram and 10 

mm thickness beams, K by COD approach with plane stress 

P 

approximation gave a lower value than that of SIF method. 

This discrepancy'- is due to the assumption of plane stress 
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approximation used in calculating K by the COD method. The 

Jr 

triaxial stress field effect in plane' strain reqiuLres a higher 
local stress than a . This can best be studied by considering 
the multiplying factor a of Eqn. (2.12). Figure 5.1 shows 
the plot of a against crack length for 6 mm thick beams . For 
short cracks, a is slightly more than unity as expected. As 
the crack length inczeases more and more, plastic constraint 
will be maintained and this will be seen from the increase 
in a. 

For a plane strain situation, as a is always a 
function of the local maximum nomal stress elevation, it 
could oe fairly high. Argon^^^ measured the local plastic 
constraint factor to be around 3.5 for a spheroidised steel. 
Deysarkar and Bandyopadhyay ^ ^ also theoretically calculated 
a high value of plastic constraint factor in a crack like 
notch for a Von-LIisas material in plane strain. Thus, in 
Figure 5,1 fox- 5 mm thick beams, a plane strain deformation 
would prevail upto 3% secant shift load beyond a crack length 
of 6 mm. 

In order to obtain plane stress crack-toughness of 

mild steel, it is important to identify the COD value 

corresponding to the onset of crack growth. An accurate 

obser-'/acion on the onset of crack extension in relation to 

the load-COD record requires a very sensitive COD measuring 

technique such as potential drop or scanning electron 
31 

microscopy . Due to the lack of adequate facility for 
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this, purpose such techn3:quss could not be used for detecting 
cradk extension. Howeyer, a few specimens were loaded to 
various points in the local COD diagram at room temperature ’ 
and then fractured in a brittle manner at a low temperature. 
Prom a careful examination of the fracture surface of these 
specimens (figure 5.2) the onset of neck extension is found to 
be around <5^ = 0.024 mm, which gaye an equiyalent K.. mlue of 

' o — ^ ' 

155 to 160 Vmm appicximately . 

Ic find the onset of crack extension, an altematiye 
proposition could be by plotting the ratio of the measured 
plastic zone to the COD against the ratio of the CGD to crack 
length, figure 5.3 shows a plot in the case of 6 mm thick 


specimen with a crack size of 6.65 mm, and it may be seen 
that there are two instabilities occurring at points B and D. 
Point B indicates the onset of abrupt plastic flow and point 
D is likely to be the onset of crack extension. The onset 
ox crack extension point on the load wersus CGD record thus 
obtained, is found to be approximately the same as that 


obtained by the low temperature tests. 

Recent theoretical study on the misfit energy 
created ahead of a crack like notch in an elastic -plastic 
solid na,s revealed that there are two distinct instabilities 


at 0,2° and 0.6° notch opening angles^^. During tensile 
test for a round specimen in a ductile material, kffo such 
instabj-iities are commonly observed. The first instability 
is recognised as the localized plastic flow, whereas the 
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second one is due to the surface instability. The piasent 
experimental work also shows similar observations giving 
f irstly a local abrupt ‘plastic flow ahead of the crack-tip 
and secondly by a new surface opening at the onset of crack 
extension. 

From the view points of engineeiung design and 
practical applications, it is necessary firstly, to understand 
the nature of slow stable crack growth behaviour and secondly 
to evaluate the fracture toughness of such a yielding material 
like mild steel. R-curve method seems to be the most appro- 
priate method in this case. As the major aim of the present 
investigation v/as not in this direction, no such detailed 
study on E-curve analysis has been made. However, some 
limited calculations were carried out on the basis of Rice's 
J-integral^^ and Witt-Magor' s^"^ modified etiui valent energy 
methods. Table 4.4 gives such calculations based on these 
energy methods. Kq based on the modified energy method from 
the load-GOD diagram upto the point of crack extension would 
give an apparent toughness value. 

The major point which is to be emphasized for such 
anyielding materia-1 is that there exists a critical stress 
intensity factor, at which there is an abrupt loss 

in the resistance to crack -tip plastic flow. Thus, in such 
a case, the fracture:; beliaviour can be characterized by two 
stress intensity factors, one representing the condition 
for an abrupt loss of local plastic constraint and the 
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other representing the onset of crack extension. However, 
in the case of a high strength mterial, these two critical 
stress intensity factors may coincide causing a catastrophic 
failure . 

5 . 3 ° O n the Shape Dependent Instability of a Single 

Spheroid al Told Under Uniaxial Te3asion a.ni^ Shear ; 

Hucleation, growth and coalescence of voids play 
an important role in ductile fracture of metals. The stabi- 
lity of deforming void shape and the local necking plastic 
instability of the matrix between two* adjacent voids should 
be understood for ductile fracture in plane strain. The 
mechanism, of ductile fracture involves firstly, a favourable 
situation for an abrupt strain jump causing flow-localization 
and secondly, a critical normal strain on the void surface. 

In shear loading, a single prolate spheroidal cavity can 
have a shape dependent instability at a particular prolateness, 
provided the void grc?/s from spherical to prolate spheroidal 
shape reeping the void volume unchanged during shear defor- 
mation. Inside an incompressible solid, this is seen to 
occur at a/b = 1.39 pi-olateness ratio. Thus, a void has a 
shape dependent instability in shear loading, furthermore, 
uniaxia.1 tension \7ould give rise to a similar instability 
at a particular prolateness ratio. On the basis of the 
shear straini amplification ratio at the void surface, it 
is seen that the rota.tional resisrance offered by a prolate 
spheroidal void vanishes at a/b = 1 .59 and reaches a maximum 
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around a/b =2.3 prolateness ratio. Thus, an abrupt growth 
of void would be visible at a particular prolateness ratio 
under uniaxial tension. The present analysis on the tensile 
loading of a prolate spheroidal cavity inside an incompres- 
sible solid suggests that, a prolate hole in a symmetric 
loading can undergo a shearing instability, when the applied 
initial tensile stress exceeds the equivalent local slide 
modulus of the surrounding material in the presence of a void. 
Unlike symmetric loading on a spheroidal hole inside an 
isotropic material, a prolate spheroidal cavLty can give a 
local abrupt shear growth inside an orthotropic material due 
to loading; As the tension is applied parallel to the 
direction of the major axis of the hole, which is energeti- 
cally the most favourable orientation, the void will show an 
abrupt growth in the direction of the loading. At the onset 
of instability, the void will try to grov; in an unstable 
manner with a largo local strain concentration. Although, 
the loading as well as the void shape is symmetrical and also 
parallel to the direction of gro¥;th, this situation would be 
expected from the fluid mechanics analogy as ?/ell. A pure 
torque v/ill be required to hold a rigid prolate spheroidal 

body in a laminar ■'/iscous fluid stream, v/hen the flow is 

101 

parallel to its major axis 

1 2 

Deysarkar and Bandyopadhyay ’ s analysis further 

confirms the importance of rotational affect on void, which 
produces a localised shear strain causing the incipience 
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of flow localization in the matrix. In the present investi- 
gation no detailed study has been made to show the plastic 
instability in a real void growth situation inside metals. 
Some further work may consider this aspect. Nevertheless, 
these theoretical predictions agree favourably ?d.th the 
experimental obseiwations of Orowan and Perra and Pinnie° 
on plane strain void growth situation. 

In order to verify the theoretical analysis, a 

simple experiment was conducted on spherical hole growth in 

a highly ductile lead -tin alloy. No delamination fiom the 

glued araldite surface was observed even upto 30 % elongation 

of the entire sample. She change in the void shape was 

recorded, figure 4.82 shows a good agreement betv/een 
8 

McClintock's theoretical predictions and the present experi- 
mental results on the mean radius ratio. The eccentricity 
measuremoats desciibed in figure 4.81 also agree favourably 
with Perra and finnio’s observation on hole growth in copper 
under plane strain. The increase in void volume was also 
measured and foimd to be constant upto 20^ elongation of the 
specimen. On further increase in remcte strain, there is a 
sudden growth of the void around 40^ elongation producing 
approximately 40^ increase in void volume . At 30 % elong- 
ation, the increase in void volume is seen to be around 
60%. This confirms that there is an abrupt growth of 
spheroidal hole at a particular prolateness ratio inside a 



214 


highly ductile material. Ihese observations relating to the 
sudden growth of a single spheroidal void are in agreement 
with the theoretical predictions. 

This investigation on the void shape instability 
is a step in the direction of understanding the mechanism of 
ductile fracture of metals. 
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Figure 5 . 
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CHAPTER - VI 
G OHCLUSIOHS 

I ' 

The following conclusions can be drawn from the 
present investigations 

1. In the case of 0*6% carbon steel, for a valid test, 
ASTM recommendations on size requirements are too 

conservative, and found to be oversafe, for a valid 

' 2 ' 

plane strain crack toughness test, a^/ 0.5 (K-r ) 
and B Z' 0»5(Kj^/o ) Yrauld be adequate for this material. 

. ■ n 

measured for this material is around 150 (Kg/mm ) 

Vmm. In the non- valid test regime, the increase in 

specin^n compliance was mainly due to the plastic 

yielding at ciack-tip and no slow stable crack giowth 

was observed even in 3 mm thickness beams with short 

cracks. A significant observation is that the apparent 

toughness for verj^ short cracked beams was lower than 

the K- value of the material. 

Ic 

2. No fast fracture was noticed in mild steel pre-cracked 
beams, even upto a sizeable crack opening displacement, 
for the thickness x'ange 3 to 25 nna with crack size 1 to 
12.5 mm,, and a large plastic flow at the crack-tip was 
prevalent . A sudden increase in specimen compliance 
near about 3% secant shift load vms noticed due to an 
abrupt plastic flow ahead of the crack- tip. This profuse 



localized plastic flow ahead of the notch tip was consx- 
dered to he a sudden loss of local plane strain plastic 
constraint. The abrupt increase in plastic zone was 
seen ^long 45° pl^ne for thicker beans and/or longer 
cracks, on the other band, the plastic zone extended 
more on the plane of the crack for thin beams with 
relatively short cracks. The SIP required for the loss 
of resistance to plastic flow was dependent on crack 
size and thickness analogous to the apparent toughness 
variation in high strength materials. The asymptotic 
value of the stress intensity factor (Kp^) was measured 
to be of the Older of 103 (Kg/rm^) heyond a crack 
size of approximately 6 mm for all thicknesses. Due to 
notch strengthening effect, the load carrying capacity 
increased by about 50f. of the yield load when calculated 
on the basis of net ligament section (W-a) . Slow stable 
crack growth was noticed at a liigh COD value with an 
indication of piano stress deformation. 

Theoretical investigation on the stability of deformed 
shape for a single prolate spheroidal void has revealed 
that, an isolated cavity will show an abrupt unstable 
shear growth beyond a certain prolateaess relio in 
tension or shear loading. These results agree favour- 
ably with the experimental observations in a l8ad-30fo 

tin alloy . 
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APPEKDIX - A 


When a prolate .spheroidal cavity (a > b = c) in an 
incompi'ossible material is subjected to a simple tension 

■ ■ , -f , . ■ ' ■ ' . ■ _ 

stress parallel to its major axis, the maximum strain ampli- 
fication on the void surface is given by 

A 




(A.1) 


where 


^ " ^3 333 ~ ^2233 ~ ^1133 


^ (1”- - 82233)0 - ^1111^ - 


on the other hand, if the simple tension stress is perpendi- 
cular to the major axis, the maximum strains on the void 
surface is given by 


^ J 


A 


(A. 3) 


whei’O 


3 

4M + S 


2233 




top 


1 

4*TTrs.,^^„_s 


1-;: 


1 1ll 


333 2233 


TO' 


23.-,.^ 
00I I 


hill 




1133^3311 


(A. 4) 


In the case of an incompressible solid the values of S - . 

13K1 

for a prolate spheroid may be expressed' as s 


1 - 2Aa^, S 


2222 “ ^3333 ~ (3/4) (1 - Ac ) 


r--i C* — A P 

'^1122 “ 1133 “ ' 


®2211 ~ ^3311 - 


M 
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^ ' i 

0 — 3 — f 1 /4 ) ( 1 — Ao ) 

02233 - ^3322 - \ * 

where 

A = (31^ - 4%)A% (a^ - c^) < 

■W . 

1 = I, =2itx(x2 - 1)-5/2 [x(x2 -1)^/2 - cosh”^r] 

G ' . ' M 

X = a/c (= a/b) = Prolateness ratio 
anl 3C is always greater than unity for a prolate spheroid. 



